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ABSTRACT

bwitching systems for use with pulsed inductive energy storage
systems were investigated with the goal of designing for a peak current
interrupt capability of 20,000 A at & repetition rate of 5 pps with a
voltage following interruption of 100 kV. A charge time of 190 msec or
more wvas desired with switch loases limited to 5,000 j/pulse for a total
pulse train length of 300 pulses. DBoth linearly actuated and rotary
devices were considered with means for incorporating an applied magnetic
field and cryogenic cooling in the switch design. A design is given for
a prototype linearly actuated switch for evaluation of the field and
cooling effects and for a rotary switch based on high performance fila-
mentary brushes designed for operation at 3,000 A/inz. Test results
were obtained in the program with filamentary brushes operating at this
overall curremt degsity. Current densities in the filaments were as
high as 9,000 A/in*.
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SECTION I.

INTRODUCTION

The main purpose of this program was to investigate possible switching
arrangements for use with pulsed inductive energy storage systems. The design
goals for the switch are outlined in the following table:

Table I .

Switch Design Goals

Peak current 2 x 104 a
Repetition rate 5 pps
Voltage after interruption 100 KV
Recovery time < 40 ysec
Charge time > 190 msec
Pulse train length 300 pulses
Switch loss per pulse < 5000 J

During the program, means were considered for utilizing an applied
magnetic field and cryogenic cooling in the switching process. This is
justified since, in the pulsed system, the magnetic field is available be-
cause it is the means whereby the inductive element stores its energy and
the cryogens are available, since it is likely that the energy storage coil
system would be superconducting or cryogenically cooled copper or aluminum.
The choice among the latter would be determined by mission requirements such
as erergy level and discharge time as well as repetition rate, charge time
and pulse train length.

Section II presents overall system and switching concepts and begins
with a description of inductive energy storage system operation including a
typi:al switch support subsystem., The latter is an auxiliary circuit which
helps open the switch by providing an artificial current zero in the switch
and by controlling the rate of change of current in the vicinity of current
zZero.

Basic switch characteristics are discussed next and include the
advantages of using a vacuum environment for the switch contacts and the
potential advantages for cryogen and magnetic f£ield usage. From a weight
and volume standpoint, it is concluded that cryogens may be used to absorb
switch losses and to reduce switch losses. In addition, they may be used
to cryovacuum pump the switch to assure a hard vacuum. The magnetic field
may be used to increase the effective arc resistance (and thus help to ex-
tinguish the arc) and to induce arc motion. The latter is shown to have a
potentially large effect on contact life by reducing the maximum temperature
of the contact surface.

- |



Several switching alternates are thon presuited. These include:
1) linearly actuated switch with single contact pair

2) 1linearly actuated switch with multiple contact pairs
in parallel

3) two-terminal rotary switch in parallel with linearly
actuated arc interrupter

4) three-terminal rotary switch with arc chute.

Alternate 1) is an advanced vacuum interrupter using cryogenic cooling
and an applied magnetic field. A prototype test unit of this type is dis-
cussed in Section III. The switch features: a) liquid nitrogen cooling of
its stationary and moveable leads, b) cryovacuum pumping through provision
for liquid nitrogen and liquid helium cooling of its vapor condensation
shields, and c) removeable contacts to allow investigation of the magnetic
field effects on arcs drawn between specially shaped electrodes. The require-
nents for a test circuit are then presented together with an outline of the
necessary parameter variations to achieve a test to the full current, voltage
and recovery time requirements of this program, in successive increments of
higher current and voltage.

The second alternate listed above is also a linearly actuated device,
bat would utilize multiple pairu of contacts in parallel. Estimates indicate
that this would be lighter and require less actuation power than a single
contact pair device, however, techniques would have to be developed to reli-
ably extinguish multiple parallel arcs simultaneously without restrike.

Alternates 3) and 4) both utilize rotary devices. This is the subject
of Section IV., in which the dependence of rotary switch size on current
density in a brush system is discussed. The ability of the brush system to
withstand arcing is also indicated as a problem area requiring investigation.
A rotary switch design is presented assuming that the arcing problem may be
nullified and asgsuming brush current densities of about 3000 A/in.2. The
latter is very high relative to operational current densities for standard
brushes, but was achieved in tests performed under this program with filamen-
tary brushes.

The filamentary brush concept consists of using many fine metallic
filaments in contact with a moving surface for the purpose of transferring
current. Tests were performed using Niobium-Titanjum alloy filaments heat
sunk in a copper matrix. Overall brush curren: densities of 3000 A/in.?
were achieved with voltage drops of about 1 mV/A. Current densities in
brush filaments attained 9300 A/in.%. This is a significant development
and further testing would be highly desirabls to develop a better under-
standing of brush characteristics and to atcempt to optimize material.
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In Section V, a conceptual design for an integrated system is
presented. In this system the main switch is mounted in the bore of an
energy storage solenoid so as to use the magnetic field produced by the
inductor. The switch 18 cryogenically cooled and shares a common vacuum
with the devar for the energy storage coil. The switch used is the wmul-
tiple contact pair type assuming that the development problems associated
with this switch may be nullified. However, the integrated switch-coil-
dewar system is valid for any switch using an applied field and cryogenic

cooling.
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SECTION II.

OVERALL SYSTEM & SWITCHING CONCEPTS

The purpose of this section is to present some of the basic effects and
characterisrics to be incorporated in the switch designs given in Sections
III., IV. and V. This section will begin with a description of energy storage
system operation, including a switch support subsystem which aids in cpening
the main awitching element. A discussion is then presented which concludes
that the switch should be based on metallic contacts in a vacuum environment
because of the high voltage requirement and low loss constraint in this program.

The possible utilization of cryogens in awitch operation is discussed
next and it is concluded that potential areas of application include: (1)
absorption of switch losses, (2) reduction of switch losses and (3) cryovacuum
pumping. Since it is likely that cryogens will be available in support of the
energy storage element, it is natural to incorporate them into the switch design.

The utilization of an applied magnetic field in the switching process is
discussed next because the field is generated by the energy storage element and
may be made available to the switch in an integrated system design. It is con-
cluded that it is feasible for the field to move an arc with significant speed
and thus (1) reduce the maximum temperature experienced by the contacts and (2)
create a "back emf" which appears as an increased arc resistance. In addition,
the presence of a transverse field increases arc resistance even if motion 1is
absent by impeding charged particle motion acrcss field lines.

The section proceeds to a discussion of switch dissipation, constraints
on actuation time and the use of multiple switches., It is concluded that the
muitiple switches in parallel carrying a total of 20,000 A offer the following
advantages relative to a single switch:

single switch N 0.2
multiple switches ‘

aliowable operating time:

single switch
multiple switches v 100

. . single switch
weight of actuating linkage: multiple switches v 10

average power required for actuation:

single switch N1
multiple switches '

weight of switch components:

The multiple switch arrangement offere a higher probability of achieving a
low-weight, low-loss main switch, however, the problems associated with simul-
taneously extinguishing parallel arcing contacts must be solved.

The section closes with a discussicn of alternates which may meet the
indvctive energy storage system switching function and a summary of advantages

and disadvantages.
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1. INDUCTIVE ENERGY STORAGE SYSTEM OPERATION

For the pulse repetition rates and energy levels ¢f interest in this
study, it is reasonable to assume that the system would utilize an energy
storage element which is completely charged and discharged for each pulse,

A simplified circuit diagram for such a system is shown in Figure 1.

To initiate operation, the switch S is closed and, assuming a high imped-
ance load, the energy storage inductor, L, is charged. When a pre-determined
current threugh L is attained, the switch S is opened and the energy stsred
in L is discharged into the load. The purpoae of che capacitor, C, is to
limit the rate of voltage rise across the load when the awitch opens and

the purpose of the switch support subsystem is to help open the switch.

If the switch is mechanical in nature and involves mechanical
separation of contacts in some form, an arc would be drawn as the contacts
separated and the switch support subsystem would have to provide conditions
which would help extinguish the arc before a substanfial amount of snergy
were dissipated. For the arc to extinguish it is necessary for the rate
of energy removal from the arc to exceed the rate at which the rest of the
system can supply energy to the ar: for a sufficient length of time. Since
the rate of energy dissipated in the arc at any instant is the voltage
drop across it times the current which it carries, a reasonable (though
uot necessarily sufficient) goal for the switch support subsystem is to
provide an artificial net current zero in the switch. Ian addition, it is
desirable for the rate of change of current at the time of the current
zero to be as low as possible to maintain a "low power" condition as long
as possible and for the rate of voltage rise after arc interruption to be
as low as possible to allow maximum recovery of breakdown strength.

Figure 2 is a simplified circuit diagram of a system that can be

used to produce a current zero in the main switching element S;. Coil L
is the energy storage coil and Pj is the main power supply for the system.
Coil L; is a non-linear inductor that makes use of a saturable core. Its
characteristics are such that it exhibits a high inductance when its core
is in the unsaturated condition and a very low inductance when saturated.
Capacitor C, is used to limit the rate of voltage rise across L; following
the interruption of current through §;.

The sequence of events that would occur in a normal charge-discharge
cycle is as follows. With switch S, open, S; 1is closed causing current
i; to flow in the circuit composed of P;, Ly, Ly and S;. Very shortly
after the closure of S;, L, switches from its unsaturated to its saturated
condition. The charge circuit is then effectively composed of P;, L; and
S1. Once the desired level for the i; has been reached, the following
sequences of events can take place tu force a zero current condition in
S1 and allow it to revert to its open circuit condition.

First, assuming that capacitor C; had previously been charged to an
appropriate level, and with switch S; still closed, switch S; could be
closed. Capacitor C; and inducter L, would then form a rezonant circuit
in series with switches S; and S;. Assuming C; had initially been charged
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in a fashion to force a current in the direction of the arrow shown for
i,, the current in this series resonant circuit would initially be very
high and change at a very rapid rate since the surge impedence of the
resonant circuit and its frequency would be determined by the saturated
inductance of Lp. As a consequence, C; would very rapidly charge with a
voltage of a polarity opposite to its initial cherge. Followiug this,

it would again discharge through Sy, only this time 19 would be flowing

in a direction opposite to that of 1;. This would tave the effect of
reducing the net current through §;. Just prior to the moment that this
current reaches zern, inductor Lj; would come out cf Its saturated condi-
tion and assume its unsaturated high inductance value. This switch in
inductance would drastically alow down the rate of change of current
through §; just as it was about to reach zero. Assuming that S, could be
opened at the instant this current reached zero, i; would then %e divided
into Lranches flowing into C;, C, and the load. The rate of voltage rise
acrosa d>; would then be determined by the frequency of the damped parallel
resonant circuit composed of L;, Cy, Cy and the load. Assuming S,
remained closed throughout the cycie, all of the energy in this circuit
would eventually be delivered to the load.

As described above, an additional power supply would be necessary
to charge C; for each operation of S;. An alternate mode of operation
would Le to have switch S; open either part way up or at the peak of the
discharge voltage wave. The advantage of this mode of operation would be
the elimination of a separate power supply to charge Cy except for the
initial cycle of a pulse train.

If S; were opened part way up the voltage wave then C; could be a
high capacitance, low voltage capacitor. This would have the effect of
slowing down the rise time of the voltage wave immediately following the
current zero through Sj while minimizing the physical size of C;. The
disadvantage of this mode of operation is that S; must now open while it
has a high current flowing through it. The losses entailed in this
switching operation must then be added to those attributed to the losses
through S; during the charge period and opening operation.

If S, were opened at the peak of the voltage wave, then (1) there
will be no switching loss since Sy will be carrying no current at this
time; and (2) the capacitance of Cy could be minimized, conceivably to
zero, since the rise time of the voltage wave would be determined essentially

by CIQ

Clearly this latter mode of operation will yield the lighter overall
system weight provided switch S; can regain its dielectric strength fast
enough.

The above discussion illustrated operation of the energy storage
system and of a switch support subsystem which could produce an artificial
current zero and exercise control over the rate of change of current at
the time of current zero. The section which follows will discuss basic
features to be incorporated into the design of the switch.
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2. BASIC SWITCH CHARACTERISTICS
8. ' Vncuum vs,. Gas

Figure 3 depicts a portion of a pulse trvain for a repetitively
pulsed syatea. Assuming t., the time of charge, to be 190 milliseconds,
t, to be 200 milliseconds, and I, to be 20,000 amperes, the rms current
during a prlse train is a tinimun of 11,250 amperes. If all of the switch-
ing losses occur only during thke charging period, the maximum allowable
closed resistance for the switch S; would be 208 microlms for a peak voltage
drop of just in excess of four volts. Clearly this requirement eliminates
all but metallic type contacts.

The selection of metallic type contacts requires that mechanical
motion take place in opening and closing cthe switch. If the losses entailed
in the switch during opening are to Y%e kept to a minimum, it is mondatory
that the switch very rapidly regain its open circuit dielectric strength.

Te acccaplish this, the contacts should part as rapidly as possible in a
medium that has a very high dielectric strength. Further, it is important
that any arcing that takes place in the switcli do 80 at a minimum in voltage
drcp and time duration.

Figure 4 1is a plot of the breakdown voltage versus cor.tact spacing
for a set of contacts in air and in vasuum. ¥Figures 5 and 6 are plots
of arcing voltage versus current for copper cortacts in vacuum. Figure 7
is a plot compaving the times required for contacts switched in vacuum and
various gas media to regain their dielectric strength following a current
break. As is evicent from these curves, switching in a vacuum: requires
a rclatively small gpace to withstand voltages in excess of 100,000 volte;
can be accomplished at relatively low arcing potentials out to approximately
8,000 amperes; results ir a cime delay frcm current zero to full open circuit
divlectric strengrh which 1s short, relative to delays necessary in gaseous
media. These ccamparisons indicate that a vacuum enviromment is desirable
around the switch contacts.

b. Cryogen Utilization

This section will consider effects which are intimately connected
with the use of cryogens in the switching system. This consideration is
natural since the inductive energy storage element will most likely be
cryogenically cooled, hence, cryogens will already be available in the system.
Specifically, interest will center on effects which may be usuful in specially
designed vacuum interrupters, either linear or rotary.

Figure 8 1is an illustration of a standard vacuum switch., It consists
of a stationary and a movable contact encared in an evacuated container.
As the contacts part, an arc is drawn across the gap. A current zero then
occurs, either naturally in an AC application or artificially in a DC case,
and the arc plasma deionizes and condenses on the vapor shield. The rate of
change of current near current rero and the rate of voltage rise after the
arc breaks must be slow enough to allow the deionization and condensation
process to occur and prevent the arc from re-striking,
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Figure 3. Typical vacuum interrupter schemat ic diagram.
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When an arc strikes between the contacts, the energy it dissipates

is partislly abscrbed in heating the contacts and partialiy transferred

from the arc to its surroundings by radiation. A possible applicetion of

cryogenics would be to lower the temperature of elements such as the vapor

condensing shield and thus attempt to cool the arc mnre effectively by ’

radiation heat trausfer. The latfer is proportional to the difference in i

the fourth powers of the temperatures of the arc and shield, or ;
{

“) i

4
Q(T," - Tg

where: Ta = arc temperature

Ts = pghield temperature

Since the arc temperature is of the order of 104 OK, this relationship

inJdicates that changing T, from room temperature (300 "K) to any lower temp-

erature has negligible effect; consequently, increasing radiative heat

transfer from the arc is not an area likely to be improved in this manner.

Cryogenic cooling may have other advantages, however. ]

A switch opercting with a loss per pulse of 5,000f at the rate of 5pps
represents a power loss of 25 KW which must be removed from the switch
components. The second arez to be considered then, is the use oi cryogens
to support these losses. This would be accomplished by providing thermally
conducting paths from the switch contacts and shkields to the cryogen taking
proper consideravion of electrical insulation requirements. Figure 9 shows
the liquid liters of cryogen necessary to support switch losses if the switch
is heat sunk directly to the liquid cryogen. A similar plot for cryogen
weight is shown in Figure 10. Curves are showr for liquid hydrogen, liquid
nitrogen and liquid helium. If the energy storage coil were superconducting,
the helium would be available and the nitrogeu may or may nct be available
depending on whether the dewar utilized a helium vapor cooled shield or a
nitrogen jacket. If the energy storage coil used a cryogenicaily cooled
normal conductor, the crvogen would probably be either liquid nitrogen or
liquid hydrogen. For a switch lose per pulse of 5,000), the graphs indicate
cryogen requirements which are summarized in the following table,
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Table 1II.

>
R G

v : Liquid Cryogen Requirements to Support
g : Switch Lesses of 5,000j/pulse for 300 pulses
(Assuming Latent Heat of Vaporizatiomn Omnly)

Cryogen LN2 LHZ LHe

Volume (liters) 9.3 48 552

Weight (Kg) 7.5 3.4 69
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This table indicates that liquid nitrogen is a suitable candidate as a
direct heat sink since both che weight and vclume required are low. Liquid
hydrogen exhibits a lower weight, but a higher volume when compared with
the nitrogen. Liquid helium is basically unsuitable because both veight
and volume are high. Thus far, only the latent heat of vaporization of

the cryogen has been considered. In an integrated system, it is most likely
that certa’n switch components would be cooled by cryogen boiloff from the
losses generated in the energy storage coil during operation. For example,
the lead to each contact could be surrounded by a heat exchanger through
which the cryogen boiloff is passed. To gain an insight into the adequacy
of this concept, the following table was prepared.

Table III.

Energy Absorbed by Vaporized ngogen 1n°
Raising Its Temperature from 100°K to 300 K

Cryogen N2 H2 l-l°
Energy Absovbed in Raising
Temperature of Vapor 5 5 5
from 1 liquid litgr 1.69 x 10 2.05 x 10 1.29 x 10
from 100°K to 300°K (j/1)
Liters to support losses of
5,0004/pulse for 300 pulses (1) 8.9 7.3 11.6
Energy Absorbed
per Unit Mass (§/g) 209 2,660 1,060
Mass per liquid liter (g/%) 808 77 125
Boiling Point at 1 atm (°x) 78 20 4,2

The table indicates that sufficient heat capacity is available in the boiloff
from each of the three cryogens under consideration. For purposes of illus-~
tration, heat exchanger inlet and outlet temperatures of 100°k and 300°K were
chosen. Considerably less cryogen would be necessary if the inlet temperature
were closer to the boiling point of the cryogen or if the outlet temperature
were higher than room temperature (300°K). The quant%ty of cryogen necessary
for heat exchanger inlet temperatures other than 100K may be estimated with
the use of Figure 1ll. In any case, the estimates verify the feasibility of
utilizing the boiloff cryogen in a heat exchanger around individual switch
components to remove switch losses during operation.

A configuration which will be considered in more detail in a later
section combines the above concepts by utilizing a heat exchanger around
each switch lead to cool the contacts and by using a vapor condensing shield
which is heat sunk directly to liquid cryogen. In an integrated system,
the iatter would be the liquid nitrogen used in the nitrogen jacket of the
dewar for the energy storage coil and the former would utilize helium vapor
which was boiled off by a superconducting energy storage coil when pulsing.
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Tlie third effect to be considered is the possibility of decreasiug
awitch losses when closed by cooling the switch and thvs decreasing its
resiastance. Typically, the resistivity of metals is a strong function of
temparature while the resistivity of the alloys is not. Thus, it may be
expected that substantial decreases in lead resistance may be had by cooling
gince they will most likely be copper (or aluminum for weight purposes).

This 1s illustru-ed in Figure 12 which 18 a plot of the resistivity
of copper and of aluminum as a function of temperature. The temperatures
of liquid nitroger hydrogen and helium at one atmosphere pressure are also
shownn. Note that little decrcase in resistivity occurs below the tempera-
ture of liquid hydrogen. For a conductor of given size carrying a given
current, the DC power dissipation 1s directly proportioned to its resistivity.
Consequently, the ratio of the resistivity of the material at temperature T
to its resistivity at room temperature is also the ratio corresponding to
powver dissipation relative to the two temperatures. The following table was
prepared for copper and aluminum and illustrates the temperature dependence
of the DC power dissipation for a conductor of fixed size and fixed current
relative to dissipaticn at room temperature.

Table _IV.

Ratio of DC Power Dissipation At Teuperature, T,
to DC Power Dissipation at Room Temperature
for Copper & Aluminum

:qnperature, T Aluminum Copper
°x)
300 1.0 1.0
250 0.9 0.9
200 0.68 0.7
150 0.42 0.45
100 0.23 0.24
78 0.14 0.15
20 0.03 0.01

The above table clearly indicates the advantages of reduced temperature
for the purpose of reducing losses generated in aluminum or copper, current
carrying, switch components. From another standpoint, the power dissipation
may be held constant and component size decreased with temperature. A temper-
ature reduction to the vicinity of that of liquid nitrogen (78 - 100 K) is
attainable relatively easily and will be utilized in the switch designs to
be discussed later,
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At this point, it should be noted that corntact rzesistance is
esaentially independent of temperature and primarily dependent on contact
pressure as shown in Figure 13. As shovm, the ewitch vesistance approaches
a lower limit as contact pressure increases. The conclusion to be drawn from
this figure and the above table is that significant decresses in switch
resistance are possible if cryogenic cooling i3 provided and contact preassure
is sufficiently high.

The fourth cryogenic effect which could be used in a specially designed
vacuum interrupter to enhance performance is that of cryovacuum pumping.
Standard vacuum interrupters are subjected to complex procedures of baking,
outgassing and vacuum pumping prior to sealing. After sealing, the vacuum
degrades very slowly by external diffusion of the light elements, princi-
pally helium and hydrogen, into the vacuum space and by internal diffusion
in which trace impurities embedded in component materials find their way te
the surface and into the vacuum, These processes occur over the long term
as indicated by the upper curvetbin Figure 14. The lower curve also
indicates the self-pumping action of the vacuum switch. The vacuum contact,
particularly if made of high purity tungsten, when interrupting acts similar
to a tungsten vapor ion pump and getters all possible contaminants (even
helium), Such action requires many interruptions, however, and a high per-
formance unit as required by this program may not survive the first attempt
at interruption if trace impurities diffuse into it while it lies dormant.

A possible solution exists in the use of cryovacuum pumping in
combination with the proper getter material. This technique invclves the
capture and retention of mass on low temperature surfaces by both crye-
condensation and cryosorption. Molecules are pumped by physical absorption
on synthetic zeolite materials, commonly called m&&ecular sieves, which are
physically bonded to liquid helium cooled panels.'“ Figure 15 shows the
helium sticking coefficient for a molecular sieve as a function of tempera-
ture and indicates the essentially perfect capture efficiency of the getter
material at the temperature of liquid helium.EbSystem pressures in the 10-12
Torr range have been recordedﬂoby utilization of these techniques.

The use of cryovacuum pumping in an integrated energy storage coil
and vacuum switch system would be accomplished by having the switch vacuum
space automatically cryo—pumped by the helium container for the energy
storage coil when the system is cooled down., All traces of impurities are
thus removed from the switch prior to firing regardless of the length of
time the switch was inoperable.

This concept will be incorporated into the conceptual, integrated
system design to be presented in a later section.

This section has discussed several areas in switch design in which the
utilization of cryogens may prove effective. These include: absorption of
switch losses, reduction of switch losses and cryovacuum pumping. Since
cryogens will be available in support of the energy storage element, it is
natural to incorporate them into the switch design wherever applicable.
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c. Mugnet’c Field Utilization

The inductive energy storage element in the system creutas a magneilc
field which can be available, ir an Interrated system design, to aid in the
switching process. This section will discuss those areas in which the
utilization of the magnetic field may be advantageous.

(1) Magnetically "nduced Arc Motion

When the contacts part in a standard vacuum interrupter and an arc forus,
it zan take one of twou very different forms. One form consists of a large num-
ber oi separute and coexistent streamers which terminate over a large area of
the electrodes available to them. Generally speaking, this type of vacuum arc
occurs with currents less than 6~10 kiloamps and results in negligible contact
damage providad it 1s extinguished in a few milliseconds. For larger currents
the arc resembles &£ high pressure arc in that the total current {low is concen~
trated over a much smaller area of the electrodes. 3uch an arec cun result in
severe damage to both anode and cathode because the heat generation rates are
not only higher, but the coatact areza over which the arc is spread is usually
smaller,

In both cases the ar: tends to move over the contact surfaces due to
local effects such as field and thermal concentrations on surface imperfec-
tions or machined ridges, or due to local variations in readily ionizable
material. The speed or the arc relfgeve to the contacts under such circum-
stances may be as high as 10 m/sec.'”’ Such motion helns prevent excessive
local heating of the contacts.,

The arc motion is often :nhanced (see Arperdix I) by applying a magnetic
field in the vicinity of the arc. One method for doing this is shown in Fig-
ure 16. 1In this situation the return circuit for the current through the switch
is placed parallel to, and as close as possible te. the switch. The arc current
interacts with the field tv yield a force in the I » B Jdirection. The force is
in the plane of the circuit, directed nutward and of wagnitude:

! 0312
F o= “2nd

This force would tend tc move the arc acruss the face of the electrodes; then
when the outward side of the gap is reached, the arc would increase in length.
The result may be advantageous in four ways:

1) the forced motion does not allow the arc to continuously heat
the same portion of tiie electrode surfaces;
2) the forced lengthening of the arc increases its resistance;

3) the interaction of the moving arc with the magnetic field
results in a "back emf" which appears as an increased arc
resistance; and

4) the presence of the field transverse to the arc increases its
resistance (see Appendix I, Figure 76).
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The lattor effect arises from the force exerted on the moving charged
particles which tends to inhibit their motion across field lines. All four
effects help to extinguish the arc. For a given current, the speed with
which the arc passes over the face of the electrode may be estimated if it
is asgumed that the effect is governed by the inertia of the arc plasma.

Wich this acsumption, the timn required to traverse the width of the electrode
may be estimated by:

Ta o[ wed

I u o

t [ ]

where:
a = arc diameter
I = circuit current
w = electrode diameter
d = distance between return circuit and switch
p = density of plasma

4 x 10°7 u/M.

«
[}

This time could be shortenei by applying an additional magnetic field
scross the gap in the direction of the field from the return current. This
is often done with standard interrupters by using an auxiliary set of field
coils. The time for arc traverse across the electrodes would then be

reduced to:
¢ - J wp n2a2d
u I2 + 2ndIb
0 0

Eo = magnetic flur density produced by suxiliarcy coils.

where:

In such a configuration, however, auxiliary coils provided for the switch
represent = weight component chargeable to the switch., This is unnecessary
in an energy storage system since the design of a special interrupter could
utilize the energy storage coils as the field coils for the switch with no
additional system weight and with enhanced switch characteristics.
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Estimates of the arc speed as a function of arc current and applied
field are given in Figure 17. These estimates are based on data for arcs
i air (See Appendix I) and pricbably represent a lower limit when applied
to arcs in vacuum. The plot indlcates that an appiied field of 2 W/m? would
produce arc velocities in excess of 850 m/sec and 1500 m/sec for arc currents
of 5,000a and 20,000a respectively, If these arcs were 1 cm long, their
respective back emfas would be ir excess of 15 v and 30 v.

Note that 2 W/m2 is a reasonable lower limit for the fields which may
be expected in the bore of an energy storage coil. The field from the energy
gstorage coll is not constant, however, it is at or near its maximum when the
arc is drawn and does not decay to zero until after the arc is extinguished.
This 1s another point in favor of the integrated switch, energy storage coil,
and dewar system.

(2) Effects of Arc Motion on Contact Life

The motion of the arc across the face of the contact has a strong
influence on the life of the contact. The faster the motion, the smaller
the local heating of the contact. This section will illustrate the effects
of the speed of the heat source on contact temperature and, therefore, justify
the use of an external field to induce arc motion.

The case of an arc or heat source of width 2b moving with velocity u
relative to a8 stationary surface is shown in the upper sketch of Figure 18.
From & mathematical standpoint, the probiem is more easily solved by trans-
ferring the reference frame to the moving arc as shown in the lower sketch.
In dimensionless form, the solution for the temperature rise on the slab
surfaﬁf as a function of speed and distance along the contact may be shown to
be:

2n0 {YeY ko + K (¥)]

- ze® [k (2 + Kl(Z)]}
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Figure 17. Arc speed and back emf as a function of arc
current and applied magnetic field. Speed data are
based on arcs in air (see Appendix I) and may be expected
to be a lower limit for arcs in vacuum,
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Figure 18. The problem of solving the temperature risc of
a surface being heated over an area of length 2b by a source
moving with speed u is most easily soived in a coordinate
system fixed relative to the heat source.
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where:
Y = U (X+1)
2 = U (X-1)
X = % » dimensionless distance
U =- %% = dimensionless velocity

K = Thermal diffusivity of surface material

E - half width of arc

X = co-ordinate along surface measured from arc center

0] - %% = dimensionless temperature rise

k = thermal conductivity nf surface material

Q = heat input to surface from zrc per unit area per
unit time

T =  temperature rise along surface

K = modified Bessel function of the second kind of
0,1
order 0, 1.

The above relationship is plotted ia Figure 19 which shows the
dimensionless temperature rise versus distance along the plate for various
values of dimensionless velocity, To interpret this graph, the arc may be
imagined to be located on the hnrizontal axis between the co-ordinates -1
and +1. It is transferring heat into the slab which is moving to the right
with dimensionless velocity U. Far to the left there is no temperature rise
for any of the velocities shown; since, for the cases plotted, the sla* is
moving to the right fast enough for very little heat to diffuse towards the
left. There is no heat input to the slab for (x/b) < -1, since the arc
boundaries are at x = *+ b, The faster the slab moves, the lower the overall
temperature rise, with the maximum temperature always occurring at X = +1,
In a veference frame in which the surface is stationary, X = +1 represents
the trailing edge of the avc at point of contact with the surface,

For contacts with a moving arc, the maximum arcing temperature cccurs
at the trailing edge of the arc. The dimensionless maximum temperature is
shown plotted in Figure 20 as a function of the dimensionless speed. This
clearly indicates the decreases in contact temperature poesible by increasing
arc speed for any given contact material (fixed ik, «), fixed arc size (b)
and fixed heating rate (Q).
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Based on this plot, calculations indicate that an arc moving with speed
500 m/sec over a copper contact will result in a maximum temperature rise
vhich is a factor of nine lower than the temperature rise due to a motion
at 10 m/sec.

As pointed out in an earlier section, 500 m/sec is the expected lower
limit for arc speed in the applied field from an energy storage coil. The’
use of this field in the switch configuration may, therefore, be expected
to substantially increase contact life.

d. Switch Dissipation, Constraints on Actuation
and the Use of Multiple Switches

The current in the energy storage coil as a function of time during a
single pulse is illustrated in Figure 21, At the required rate of five
pulses per second, the total time per pulse, t,, is 0.2 seconds which is
divided among: (1) the interval required for charging, t.; (2) the interval
required to electrically disconnect the energy storage coil from its power
supply, tga; (3) the time required to discharge the coil, ty; and (%) the
time from the end of discharge to the beginning of the next charge, ty.
Duriag t. the switch is closed and dissipates energy at a rate determined
by the resistance of its leads and its contact resistance. During tg the
switch contacts open, an arc is drawn and energy is dissipated in the arc
and switch leads though the latter is insignificant. During tqy and ty the
switch is essentfally non-dissipative.

If an upper limit is fixed for allowable switch losses, the maximum
allowable arcing time consistent with this constraint may be shown to be:

2
. (e, - (1, Rt )/3]
a V1

ao

where:
E = gallowable switch loss
I = peak current
R = switch resistance when closed

t = charge time

V. = voltage drop across arc

t = maximum allowable arcing time consistent with Ee

36




; T ey

*s231eydsTp 1100 a8e10318 AB13us

¢
3STINdYILNI

LR
—+
P,

WWﬁuav swloj J1e ue pu® suddo YIITMS 3yl {9DUBISTSII WNWFUTW SABY pUE pasolo aq i1sn@ YIITME JYJ
3 2wyl 231eyd Jurang -a[eds w3l papuedxs uUe uo osTnd juaaind 318uys e jyo yd39jq§ ‘[z 2andyg

343 pue paysIN3uTIX3 S} die YI YSTYM Jo Pud a3yl 3B ©31 Tealsjur ay3

3Nl

bo ]
hy——— } ot i ||||||||||tIJ
oy = 3OHYHO

39HYHOSI0

YV3NIT 1ON
3OS INIL

37

LN3WNMD

n
®
Ll
o
<
[ Y

i

ot ekl i .rééiff



The above i8 plotted in Figure 22 as a function of switch resistance
for an allowable switch loss of 5,000j, a charge time of 0.19 sec and
several arcing voltages. Arc voltages in the 100-200 volt range correspond
to currents of the order of 20,000a (see Figures 5 & 6) while arc voltages
in the 20-40 volt range corrvespond to currents of the order of 6,000a or
less (see Figure 5). The band between the 100 and 200 volt curves in
Figure 22 correspond, therefore, to a switch system in which the entire
20,000a is carried in a single vacuum switch while the band between the 20
and 40 volt curves corresponds to a switch system in which the 20,000a is
divided among vacuum switches in parallel. If 0.1 milliohms is assumed as
a reasonable design goal for a total switch resistance when closed, Figure
22 indicates that a single switch carrying 20,000a must open and its arc
must be extinguished in less than 1.5 millisec in order to keep the switch
loss per cycle below 5,000j. Sincae the contact gap must be of the order of
1l cm or greater to withstand the 100 KV imposed after arc break, the 1.5
millisec requirement for contact travel places a severe requirement on the
switch actuation mechanism. On the cther hand, the figure indicates that
switches in parallel may be allowed 3.5 to 6.5 milliseconds for contact
travel which places a more realistic demand on the actuation mechanism.

The contact travel requirement for both the single switch aand the
parallel switches is essentially the same since they must both withstand
100 KV after arc break. Furthermore, the contact mass for the single switch
may be assumed to be the same as the total contact mass of the parallel
switches if the current density in each system is the same. The average
power required to open the contacts may be estimated by:

2

d
Fave = 273

where:
m = contact mass
d = contact travel

t = travel time

If travel times of 1 and 5 milliseconds are assumed for the single
and multiple switches, respectively (see Figure 22) and if equal mass
and equal contact travel are assumed as indicated above, then the average
power required for the single switch is 125 times that required for the
multiple switches.

The requirement for faster operation also requires the actuation
linkage for the single switch to be heavier since the forces transmitted
are larger. To a first approximation the weight of the linkage may be
shown to be inversely proportional to the square of the actuation time,
hence, for the operating times chosen above, the linkage for the single
switch would be 25 times heavier than that for the multiple switches.
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Figure 22. Maximum allowable arcing time consistent with a
fixed total switch loss as a function of closed switch
resistance and arc voltage drop.
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This approximation neglects effects such aes the difference in iength of the
linkage for the two systems. Such effects may alter the result by as much as
a factor of two, but the basic conclusion is unchanged: the linkage for the
single switch may be expacted to be as much as an order of magnitude heavier
than that required for all the multiple switches becuuse of the difference in
required cperating time.

The above discussion indicates that multiple switches in parallel place
less stringent demands on the mechanical actuation mechanisn. The total weight
of the multiple switches may be expected to be slightly more (contact weight
essentially the same, but mora connrectors and greater total surfece area for
vacuum shells, wvapor condensing shields, etec.). This is compensated for by a
lighter actuating linkage and reduced power requirement. A summary of these
results is given below: ‘

aingle switch n 0.2 |
multiple switches * |

allowable operating time:

single switch
multiple switches

. __single switch _ 1
weight of actuating linkage: Tuliiple switches A 10

average power required for actuation: ~ 100

single switch 1
multiple switches

weight of switch components:

In addition to the above, it must be noted that a single switch will
require a 20,000a arc to be extinguished as opposed to the lower arc currents
in the multiple switch arrangement. In the latter, however, problems of
extinguishing parallel arcing switches must be solved.

The conclusion to be drawn 1s that a multiple switch arrangement offers
a bet-er chance of achieving a low-weight, low-loss system provided the prob-
lems associated with simultaneously extinguishing parallel arcing systems may
be solved.

e. Switching Alternates

The following will outline several alternates for performing the switch-
ing function in an inductive energy storage system. For arcing elements the
presence of a switch support subsystem (arc quench circuit) is implicitly
assumed. The choice among the z2lternates which are listed below must be deter-
mined by data generated in an experimental development program, however, several
advantages and disadvantages may be listed beforehand:

-

1) linearly actnated switch with singls act pair

2) linearly actuated switch with multip. _ontact pairs
in parallel

3) two-terminal rotary switch in parallel with linearly
actuated arc interrupter

4) three-terminal rotary switch with arc chute.




Item 1 represents an advanced vacuum “nterrupter which wuuld carry the
full charge current from zero to its peak value then open, arc, break, reclose,
etc. A prototype design for a test unit of this type will be discussed in Sec~
tion ITI, and will uiilize cryogenic cooling and an appiied magretic fileld. It
is unlikely that this configuration can fulfill the 5000 J constraint on switch
loss per cycle because of the high voltage drop associated with the 20,000 A
single arc as indicated in the previous section, Furthermore, operation at
rates substantially in oxcess of the 5 pulses per second required by this pro-
grem 1§ unlikely., The advantage to this alternate lies in ths fact that it
appears to be a feasitle step fcrward in standard vacuum interrupter design if
applied field and cryvogenic effects are utilized.

Alternate number 2) also involves & linearly actuated device, but would
utilize multiple pairs of contacts in parallel. Estimates indicate that this
would be lighter and require less actuation power than alternate 1), however,
the major disadvantage lies in tke necessity to develop techniques to reliably
extinguish multiple parallel ar-cs simultaneously without restrike.

The third alternate would utilize two switches in parallel. The first
would be a rotary device designed to be a compact, low-loss unit inteuded pri~
marily for the charging portion of riie cycle. Near the end of the charge, a
relatively high resistance parallel switch would close andi allow the rotary
switch to open. When the rotary device was opened sufficiently far to with-
stand the system discharge voltage, the varallel linearly actuated switch would
open, arc and extinguish the arc. The rotary switch could be compact provided
& high current density brush system were available. (Note: Test results an a
filamentary brush system operated at current densities of about 3000 A/in.
will be given in Section IV.) The linearly actuated switch could be more com-
pact than those in alternates 1) or 2) because it carries current for a much
smaller fraction of the cycle. An increace in repetition rate beyond 5 pps by
factors nf two or three may be possible because the linear switch would be less
massive than in alternates 1) or 2).

Alternate number &) is a three-terminal rotary switch which operates in
a fashion electrically similar to that described for alternate 3). Both the
highly conducting charge "'switch" and arc interrupter are rotary in nature and
a device of this type will be discussed in Section IV. 1Its major advantage
lies in its potential for increasing repetitiun rate by orders of magnitude
because the rotary action negates the acceleration problems inherent in a lin-
early actuated device. The major problem areas involve: 1) development of a
high current density brush system, 2) generationn of data on arc and magnetic
field interractions and 3) generation of data on effects of arcing on brush
life,
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SECTION TIiI. !
LINEARLY ACTUATED SWITCH %
T The previous section discussed the advantages of incorporating:

) (1) a vacuum environment, (2) cryogenic cooling and (3) a transverse magnetic B
field relative to an arc between contacts, in a switch designed to fulfill
the stringent requirecients of this program. This section will desc:ibe a
linearly actuated switch designed to carry 20,000 A peak curreut and withstand
100,000 volts when open. A discussior 18 then given of a prototype which
has been coustructed with the design flexibility necessary to investigate
cryogenic and magnetic field effects on switch operation., Consideration is

then given to the test circuit necessary to operate the switch to the design
lim.ty of 20,000 A &nd 100 KV,

1. SWITCH DESIGN WITH APPLIED FIELD & CRYOGENIC COOLING
In Section II. of this rerort, the basic characteristics of a standard
vacuum interrupter were described (Figure 8 ). The following will discuas
an advauced vacuum interrupter which was designed to make use of cryogenic
cooling and an applied magnetic field. A drawing of this linearly actuated 2
switch is shown in Figure 23. The following is a descriptive list of some L
1 of the components of the switch with numbers correspouding to those shown in 3
B the drawing.
1. Stationary high vultage tenninal (OFHC copper)
k 2. Removeable contacts on stationary and moveable terminals
3. Coolant shroud for stationary termfnal
4. Moveable low voltage (grounded) terminal
5. Bearing
6. Bellows Position when contacts open
7. Bellows Position when contacts closed
-3 8. Coolant chamber surrounding moveable contact

9. Non-conducting outer housing of interruptoer

10. 1IN, £ill and vent tubes for cooled vapor depositicn and
radiation shield.

11. LN, cooled vapor deposition and radiation shield

12. LHe cooled shield with molecular sieve coating to perform
cryo—-pumping of vacuum space.
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13. LHe fill and vent ports for cooled shield
14, Vacuum pump-out port
15. Thermocouple multfpin feedthrough

16. Port for vacuum gauge.

The switch features heat exchangers on the gtationary and moveable
leads. These are suitable for ude with liquid nitrogen and allow the cross-
secticnal area of the contact arms to be relatively small, In addition,
cryogenic cooling is used on the vapor condensation shields. These consist
of three nested cylinders, with the inner and outer cylinders cooled by
liquid nitregen and the middle cylinder cooled by liquid helium. The pur-
pose of the 1lquid nitrogen cocled shields is to intercept radiation and
shield the liquid helium temperature cylinder.

In carrying out the design, the overall diameter was made as small as
possible, consistent with tolerances required for assembly and the design
"withstand" voltage. This will allow the switch toc be mounted in the bore
of a specilally constructed field coil which could produce a controlled mag-
retic field in the contact region. The contacts shown are OFHC copper butt
electrodes and would be used in initial testing to establish a base line for
switch performance without the applied field, cooled shields, or cooled

contacts.

The contacts in the switch are removeable so that different contact
materials or different contact shapes could be tested. A contact configura-
tion which would utilize the magnetic field to move the arc is illustrated
in Figure 24. When the contacts part, the arc is drawn in the conical
annulus between the contacts. The arc current interacts with the magnetic
field and the resultant Lorentz force drives the arc around the periphery
of the contacts. This arc motion enhances switch performance by preventing
excessive electrode heating locally, increasing the arc resistance by
impeding charge motion across the field lines and creating a 'back emf"
which appears as an increased arc voltage drop.

Photographs of the partially assembled linearly actuated switch are
shown in Figures 25 aad 26. Figure 25 shows the movable contact mounted
on the actuating rod which projects through the bottom of the fixed flange.
The vacuum seal between the moveable rod and the fixed portion of the switch
is provided by a welded bellows which is compressed in the photograph and
appears as a collar around the shaft on top of the cylinder welded to the
fixed flange. The three relatively tall rcds on top of the flange are
phenolic stand-offs which will support the vapor condensation shields within
the switch. The two short cylinders which can be seen on top of the flange
are fittings which position two of the tubes which will carry cryogens to

the shields.
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Figure 25. Partially assembled, vertically mounted, linearly
actuated switch. The photograph shows the movable electrode and
contact mounted relative to the fixed base plate.

Figure 26. Top view of the switch showing the relative position
of the vapor condensation shields and the movable contacts. The
vapor condensation shields are provided with tubes through which
cryogens may be pumped tov reduce their temperature.

46




Figure 26 1ies a view looking down on the moveable contact when the
vapur condensation shields are in place. The coolant tubes are visible on
the outside of the shields., The tubes shown will carry liquid nitrogen or
cold nitrogen gas and will cool the shield shown which consists of two
concentric cylinders with an annular ring on top. A liquid helium cooled
shisld (not visible) 1s located in the annular space between the two con-
centric nitrogen cooled cylinders. The purpose of the helium cooled shield
is to cryovacuum~pump the switch.

A photograph of the switch at a later stage in the assembly process
is shown in Figure 27. Surrounding the contacts and cryogenically cooled
shields {3 the vacuum envelope. This shell, made from an epoxy impregnated
glass composite material, serves two basic functions. First, it insulates
the fixed upper contact (anode) from the moveable lower contict (cathode).
Second, it serves as the vacuum container for the device. Just below the
vacuum envelope, the helium f£f111 and vent ports, as well as the vacuum pump
out port, are visible, The liquid nitrogen fill and vent tubes (not visible
in this photograph) are located on the other side of the device. Below the
helium £111 and vent ports, the switch actuation mechanism is visible.
This mechanism was designed for use in the single pulse mode and consists
of four springs and a pneumsetic cylinder. Just below the cryogen ports, two
of the four control springs are visible. When the switch contacts are closed,
the springs are compressed. Pneumatic separation of the switch contacts is
aided by the spring forces. The motion of the moveable contact may thus be
controlled by changing the air pressure in the actuating mechanism and/or by
changing the tension on the control springs.

To achieve tive pulses per second (multiple pulse mode), the actuator
could be changed to a hydraulic system. This will not be considered here,
but is considered feasible since a hydraulic actuation mechanism was designed,
constructed, and operated at a rate of five pulses per second with a standard
vacyum interrupter at MCA, Details concerning the design of that actuator
were reported in AFAPL-TR-72-38-Vol I, Dec. 1972. For the actuator for this
system the design would be similar since the moveable contact mass and stroke
are comparable.

In an integrated system, the switch could be mounted in the base of
the energy storage coil such that the magnetic field produced by the ccil
was utilized in switching. In such a system the switch and coil would be
in series, consequently the magnetic field experienced by the switch would
be dependent on the current through it. At present the effects of the mag-
netic field on tha switching process are not well understood, consequently
in an experimental system it would be desirable to have independent control
over the applied field and the switch current. This requires 2 switch test
circuit (to be described later) which is independent of the field coil circuit.

In order to provide a magnetic field of substantial strength (>2 Wb/mz)
in a bore large eunough to contain the switch described above, the decision
was made to construct a liquid nitrogen cooled coil which would be driven by
a constant voltage power supply. Table V piesents a summary of the
characteristics of this coil,
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Figure 27. Linearly actuated switch mounted on
base with insulating vacuum envelope in position.
Also visible are the cryogen fill and vent ports,
two of the four adjustable linear motion control
springs, and the actuation mechanism.
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Table V

Field Coil Characteristics

Inner Winding Diameter 22.8 em (9.0 in.)

Outer Winding Diameter 41.9 em (16,5 in.)

Winding Depth 33.0 cm (13.0 in.)

Conductor 8 strands of AWG #8 heavy
formvar insulated copper

Connection parallel

Number of Turns 250

Inductance (measured) 9.8 mH

Room Temperature Resistance (measured) 61 mQ

Operating Temperature 77°k

Initial Operating Resistance (calculated) 8.72 m

The total wire length in the coil is 6500 ft. and the coil weight is estimated
at 350 1bs.

The field coil is suitable for mounting with axis vertical in a non-
conducting, liquid nitrogen container as shown in Figure 28. The prototype
linearly actuated switch would be mounted in the warm bore of the coil with
high voltage end extending from the top and the moveable, low vcltage end
projecting from the bottom where it would be connected to the actuator.

Several field coil transients have been calculated and are given in
Figures 29 and 30. Figure 29 1is a plot of the central magnetic field and
coil temperature as a function of time for a constant applied voltage of 10
volts, Figure 30 1is a plot of the central magnetic field and coil tempera-
ture as a function of time for a constant applied voltage of 30 volts. Power
supply internal impedance was neglected for these calculations.

In a typical transient, a battery bank would be connected to the field
coil at t = 0. The rate of field rise is then primarily dependent on voltage
and coil inductance. The field rises to a peak value, then begins to decay
because of the increase in coil resistance with time which results because of
joule heating. Figure 30 illustratgs that with a power supply veoltage of
30 volts, the peak field of 2.1 Wh/m“ is attained after 4 seconds and that,
after 100 seconds, the coll temperature rises 100 K with an attendent field
decay to 0.65 Wb/m2. It is clear that higher applied voltages lead to higher
peak fields, faster temperature rises, and shorter working times in the
vicinity of the peak field.
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Figure 28. Prototype linear switch mounted in bore ot field
coil and dewar.
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Figure 31 is a calibration curve for the field coil and gives the

magnitude of the maguetic fleld at the center of the contact plane of the

inear switch electrodes as a function of the coil current. Field uniformity
in the vicinity of the electrodes is given in Figures 32 and 33. Figure
3?2 is a plot of the magnetic field along the axis of the coil as a function
of distance from the plane of contact of the linear switch electrodes. The
field has been normalized to the value of the field at the plane of contact
so that this onc plot may be used at any current level., Figure 33 is a plot
of the axial component of the magnetic fieid as a function of the distance
perpendicular %o the coll axisz. These measurements were taken in the contact
plane of thec switch electrodes. Again, the field has been normalized to the
value 9f the field at the center so that this one plot may be used at any
current level,

The liquid nitrogen requirement for the field coil has been calculated
and is shown in Figure 34 as a function of coil total "on time" for various
values of central field. The graph indicates, for example, that operation
at 2 Wb/m2 for one minute will require about 50 liters. The results do not
take into account the heat transfer characteristics of the winding and bath,
These effects limit the maximum field which can be generated in the steady
state. At levels atove this value ( 2.5 Wb/m2) the required heat traasfer
to the bath 1s higher than that which can be supported continuously, conse-
quently total '"on time" must be limited to prevent an unsafe increase in
winding temperature. In operation, the coil voltage drup would be monitored
continunusly since this is an indicator of average coil resistance and, in
turn, average temperature.

2. TEST CIRCUIT

To provide a realistic test of the switch, an energy storage component
is required ir the switch circuit, Without the inductive component (lcad
coil), a power supply suchk as a battery bank cannot provide sufficient volt-
age to sustain the arc atter the switch opens. Consequently, the arc would
extinguish and a "suzcessful,' but unrealistic break of the circuit would
occur.

Figure 35 1is an illustration or a switch test circuit in which the
switch would be placed in series with a battery bank and load coil. A back-up
circuit breaker would also be used in the line but is not shown. The diagram
>f the switch shows the ztatinnary and moveable contacts which pass through
the conducting end flenzes of the switch., The flanges are held in position
by the non-cunducting shell., The sketch also shows the nitrogen cooled and
rtelium vapor condensation shields whichk are fed by tubes which pass through
the lower flange. During operation, following each arc break, the statioaary
contact and upper flange will experience a high voltage V, determired primarily
by the current leval before break and tlie magnitude of the resistor across
the load coil. Tollowing arc break the voltage on the low side of the switch,
Vi1, will attain a value determined primarily by the line inductance.
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LITERS OF LIQUID NITROGEN

LRt L

I 10 100 1000

FIELD COIL “ON TIME," s

Figure 34. Liters of liquid nitrogen consumed by field
coil as a function of field level and total "on time.”
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This voltage may be of the ordar of severul hundred velts and cannot be
neglected from the safoty standpoint. The liquid nitrogen storage dewar can '
be isolated from this voltuge if necessary, by grounding it and using non-
conducting tube to feed the nitrogen shield. The liquid helium storage dewar
cannot be 2asily isolated, however, since the transfer line muar be vacuum
insulated and from a practical standpoint, muat be metal. The result is that
it will be necessary to let the helium dewar and transfer line float tu the
potential Vi. Since the latter cannot be avoided for the halium vessel, the
nitrogen container would also be allowed to float. This approach would not
pose any problems during testing since at that time all personnel would be
suitably placed and protected by a grounded ascreen nsurrounding the test
facility., Figure 35 does not show the liquid nitrogen cooled field coil
which will be placed around the switch and excited by a separate circuit,

A sketch of the load coil which was constructed for use inu the switch
test circuit is given in Figure 36. It consists of 39 turns of twenty
parallel conductors. Each conductor is aluminum with a .ectangular cross-
section, 0.14 x 0.5 in, The eatimated weight of the coil is 525 pounds.

This coil will be placed in series with the switch and serve as an energy
storage component to provide sufficient voltage tu sustain the arc. The coil
is made up of sixteen individual pancakes, all of which are connected in
parallel. Thus, the total number of coil turns {39) is equal to the number
of turns per pancake. Table VI is a summary of the characteristics of the
load coil and a photograph is given in Figure 37.

Table __ VI .

Load Coil Characteristics

T T T e e T U W TOWm—r— T Ty E - e

Inner Winding Diameter
Outer Winding Diameter
Winding Depth

Conductor

Winding Configuration
Cunnection

Number of Turns

Inductance

Rocm Temperature Resistance

Steady Operating Current

Short Term Operating Current

55.2 em (21.75 in.)
99,8 cm (39.25 in.)
29.2 cm (11.5 in.)
0.356 cm x 1.27 cm
(0.14 in. x 0.5 in.)
bare Aluminum bar
16 pancakes
paraliel

39

0.902 mH

3.80 m{

2 A

20 kA
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Figure 37. Energy storage coll, showing the sixteen
winding pancakes and the coil supporting structure.
The calculated inductance and resistance of the coil
are 0.966 mH and 4.68 m! respectively.
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Two large :irzut reakers are presently available. Either one would
be siitable for use =& vne back-up circuit breaker in the circuit up to the
full test currem:  _ach breaker weights 450 lbs., is of the two-pole type,
has a thirty minu » « losed rating of 7000 A and an interrupt capacity rated
at 50,000 A, The uvpeniny mechanism may be triggered manually, remote
mechanically or remote electrically.

An analysis was performed to determine the circuit parameters required
to yield a test configuration capable of providing 20 kA and 100 kV, 40 v sec
after interruption. The latter constraint is of particular interest. Results
are shown in normalized form in Figure 38, The circuit, which is initially
charged to a current I from an external supply (not shown), was analyzed
to determine the values required for the resistor and capacitor such that the
circuit characteristics would be compatible with the previously discussed load
coil (L = 0,902 mH) and the program requirements of producing 100 kV of volt-
age 40 us after the interruption of 20 kA. In the figure, the voltage and time
are normalized such that, for unity damping factor (d = 1), the magnituvde of
the maximum normalized voltage, as well as the normalized time at which the
maximum voltage occurs, are both equal to one. For values of the damping
factor greater than one, the circuit is overdamped, and the voltage decays
without oscillation. For values of the damping factor less than one, the
eircuit is underdamped, and the voltage oscillates before decaying to zero.
For d = 1, the circuit is critically damped. Figure 38 thus shows the
discharge characteristics of the test circuit for various combinations of

circuit parameters.

Based on these results, a test plan was outlined by choosing the current
and voltage levels desired at each stage during testing. Once the load
inductance, maximum current, and maximum voltage are chosen, then choosing
a value for the damping factor (i.e., choosing the shape of the voltage pulse
during discharge) is sufficient to specify the values of R and C required for
the circuit, as well as specifying the time at which the maximum voltage
occurs. If the resistance of the external charging circuit is known, the
required power supply voltage may be determined such that the specified
current is obtained within a given charge time. Table VII shows an outline
of a test plan for a full scale switch and the required circuit values,
calculated on the basis of a load inductance of 0.902 mH, an external
resistance of 7.0 mf2, and a charge time of 190 msec.
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Table _VII .

Outline of Test Plan
Specifying Circuit Characteristics Required
to Achieve Full Scale Switch Parameters

vmax d C R tm vps Vo
(xa) (kV) (WF) @ (ue W
0.8 4 2.5 2.5 5.99 40 7.3 1.7
4.0 4 2.5 62.7 1,20 200 36.4 8.4
4.0 20 2.5 2.5 5.99 40 36.3 8.3
20.0 4 2.5 1566.0 0.24 1000 184.0 42.7
20.0 4 87.5 62.7 0.20 75 184.0 42.8
20.9 20 2.5 62.7 1.20 200 182.0 41.8
20.0 100 2.5 2.5 5.99 40 182.0 41.6

The column headed t_ represents the time at which the maximum voltage occurs.
The last column in Table VII represents the voltage across the circuit at
e end of the charge cycle. A comparison of these voltages with the maximum
discharge voltages shows that the charging voltage is negligible, and the
discharge characteristics appear as shown in Figure 38.

The test procedure outlined in Table VII was chosen so that the switch
would not initially be tested with high currents and high voltages simultan-
eously. The list is not all inciusive since no attempt was made to indicate
repeated voltage levels. The purpose of the list is to show the range of
variables necessary to begin testing at low voltages and currents and work
up to the high levels corresponding to program goals. As shown, the maximum
current is increased first, while voltage is held low initially, and then
brought up to a level corresponding to the current. The fourth and fifth
rows of the table demonstrate the effects on the circuit components of chang-
ing the shape of the discharge voltage. The availability of circuit components
would ultimately determine the actwal test procedure and discharge chara-ter-
istics; however, Table VII does provide a basis from which to work.

Consideration was also given to the use of a switch support subsystem
or arc quench circuit which would utilize two parallel LC circuits across
the switch to provide a quench current pulse shape with a low rate of change of
current when the quench current was close in magnitude to the switch current,

The circuit under consideration is shown in Figure 39.
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For purposes of aunalyeis, it was assumed that the switch impedance was low
43 enough, so that coupling between the two parallel arc quench branches could
i A be neglected. The total quench current, I, is thus just the sum of the
% B currents from the two individual branches. 1In addition, the circuit damping
1 was neglectec (R, = Ry = 0). The total current may then be obtained and
g normalized as follows:
‘;1_ i=s8in T+ a sin bT
i B where:
X i = -‘-}- ‘VL,fC_; « normalized current
[ fo 1/2
' LGy
! a = yg
; L 2"
- 1/2
‘ - [L]Cl
3
) Lo, |
4 .. ]
V1%

Figures 40 and 41a through 4lc 1indicate the geueral nature of the

arc quench currents which may be obtained. The slopes are included for

X : comparison. Figure 40 shows the trivial case consisting of the character-

Y istic with only one Lranch {Cy = 0). A variety of alternatives are available

with both branches, as siown in Figures 4la through 4lc, Figure 41h
is, of the four cases, the configuration of choice for arc¢ quenching, because
of the relatively slow and linear current decay after the first peak, during
which the arc would be extinguished.

; This section has described an advanced vacuum interrupter designed to
-3 5 satisfy the program goals on interrupt curreant and withstand voltage. The

3 switch incorpourates features suited to a test program tor evaluation of the
effects of cryogenic cooling, cryovacuum pumping, shaped contacts and applied
magnetic field on switch operatioa. The ranges of test circuit parameters nec-
essary to provide the full scale test currents and veltages were discussed. A
promising concept for the arc quench circuit was presented and the flexibility
of control over the quench pulse shape was trdicated with computed tramsiente.
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Figure 41,

Quench currents and thueir verivatives
for various wvalues of a and L.
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SECTION IV,

ROTARY SWITCH

The r¢quirement in this program for a repetition rate of five pulses
pec¢ second translates into a very stringent design constraint for a linearly
actuated device. The switch actuating mechanism must move the non-stationary
contact mass through a distance of approximately 0.75 in. in a few milliseconds.
At the end of the closing stroke, the mass must be decelerated to a low impact
velocity to minimize contact bounce or chatter. Operation at the repetition
rate required approaches the limit of present technolcgy. It 1s, therefore,
natural to consider a rotary device since the mass acceleration problem is
automatically negated. In a rotary device the breakdown voltage problem will
be of major importance, however, the potential for utilization at much higher
repetition rates makes consideration worthwhile.

In this section, a rotary switch configuration will be presented. The
dominant factor in determining its overall size is the size of the brushes
necessary to transfer current from the stationary to the rctating components.
A new concept for a brush configuration will then te presented. The brushes
consist of a large number of metallic filaments in contact with a rotating
drum. Preliminary tests indicate that current densities of 3000 A/in? may be
achieved in the brushes as opposed to current densities an order of magnitude
lower in more standard configurations,

1. SWITCH DESIGN & DEPENDENCE ON BRUSH CURRENT DENSITY

In an earlier Air Force program (¥33615-71-C-1454) a rotary switch
concept was conceived for possible use in future inductive energy storage
systems. It utilizes a magnetic field which, in an integrated system, could
be provided by the energy storage coil itself, For convenience, Figures 42,
43, and 44 which follow, will be repeated here (from: AFAPL-TR-72-38-VOL.I).

The basic principle of operation is illustrated in Figure 42. The
switch utilizes an externally applied magnetic field together with a segmen-
ted rotor and brush system. Position 1 in the figure shows the switch in its
closed mode of operation. Current passes from the rotor through the brush to
the fixed contact assembly. To "open" the switch, the shaft is rotated until
its insulating segment covers the brush. At this time, an arc is drawn at
point "a" in the gep between contacts. The current in the arc interacts with
the externally applied field B and the resultant T x B force drives the arc
arcund the periphery of the rotor. The gap widens thus increasing the arc
lerngth and, in turn, its resistance. If the arc does not extinguish before
traversing the entire periphery, one end anchors at point '"b" as shown in
position 3 and the arc continues to lengthen.
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A preliminary design configuration based on the above is shown in
Figure 43, The device coasiscs ol a rotating electrically conducting shaft
which has an ingulated segment along its entire length. Current enters the
conducting portion of the shaft via a slip-ring assembly, then passes through
one of two brush sets depending on whaft orientation. As shown, the switch
1s in its "open' or no current flow positlion. Two brush sets are utilized
and are rotationally out of phase relative to the shaft., To close the switch
and initiate currunt flow, the shaft is rotated clockwis2 (when viewed as
shown in the sectional drawings) until the .onducting portion of the shaft
is adjacent to the high conductivity brush., This is the switch cenfiguration
during most of the switch "on cime." To terminate the current flow, the shaft
continues to rotate clockwise. In doing sc, the insulated section of the
shaft cuts off current flow into the high conductivity brush section before
cutting off the low conductivity brush; thus, the current transfers into the
latter section. This is done to contrcl the location at which the subsequent
arc will form.

As the shaft continues to rotate, the insulated se¢ction terminates
current flow through the low conductivity brush and an arc 18 formed at the
narrowest part of the gap between contacts ¢ a point adjacent to the low
conductivity brush. To insure that the arc forms at this section of the shaft,
the shaft i3 machined with a curved, raised shouldesr in this region. The arc
then interacts with an externally applied field with direction shown and che
resulting Lorentz force drives the arc around the periphery cf the shaft. The
gap widens as the arc progresses and, depending on details of the circuit,
the arc may be extinguished, The cycle is repeated by continued rotation.

A pogsible variation of the above design is shown in Figure 44 which
is a similar device with multiple low conductivity brush sections., Two low
conductivity brush sections ars showm, separated by a slip-ring type, high
conductivity section, the purpose of which is to return the current to the
rotor. These two sections are electrically connected such that they are in
series, hence, two separate arcs must form and both interact with the applied
field. A statistical advantage 1s gained in such a system since, in essence,
only one of the two arcs must extinguish in order for the current to terminate.
This concept may be extended to more than twc sections. The limit on pumber
of sactions would be governed by the length of the applied field i1egion and
the breakdown strength of the gap in the high conductivity region.

The actual size of a rotary switch will be largely dependent cn the
attainable current density in the brushes. The required cross-sectional
dimensions for a brush system currying 20,000 A are given in Figure 45 as a
function of current density. Conventional b:gshes are capable of long term
operation at current densities up to 150A/1in.“ as indicated in the figure.
Tor short periods, conventional metal filled graphite brushes may be run up
to the 300~500 A/in.2 range. Note tnat, even at this level, the bLrush cross-
sections required would be very large.
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In this program, several brushes were constructed and consisted of
metallic fibers running on a solid metal’ surface. Current densities at-
tained in the tests were in the 2,000-3,000 A/in? range. This area is
also shaded on Figure 45 and indicates the decreased size vhich is pos-
sible with brushes of this type. Results will be detailed later in this
section, however, it is obviocus that brushes of this tvpe have the poten-
tial for decreasing weight and size in a large wumber of applications.

The ability of filasentary brushes to withstand arcing requires
inveatigation. For che purposes of this section, however, a switch
design will be prasented in which arcing is allowed in the brush : :gion,
In the event tnat future work rndicates that this is n»t allowabl., then
other coufiguraticns may be considered (e.g., using a rotary unit with
filamentary brushes as the main charging switch as discussed at the end

of Section II)

2. PROTGTYPE ROTARY SWITCH - SCALING TO 100 pps

The operation of the rotary switch design to be presented will be
illustrated first with the sketch in Figure +6. The concept is similar
to that discussed relative to Figure 43 except that the rotor is tapered
downstream of the low conductivity brush section, and has a helical raised
shoulder. Wirh th'e design, the arc may travel around the roror several
times in the arc channel and be forced to an ever increasing length.

The additional arc -ime 1) actually necessary because the speed of
the arc may be expected tc pe large compared with the peripheral speed
of rotor, hence, the arc must be sustained until the shaft rotates such
that the voltage breakdown strength at the point of arc initiation is
large encugh to withstand the voltage after arc break.

An assembly drawing of a prototype rotary switch is shown in
Figura: 47. This design combines the tapered rotor feature illustrated
in Figure 46 with the multiple arc chanrel feature illustrated in
Figure 44, The unit has Leen designed to be mounted with axis vertical
and has a diameter small enough for testing with the liquid nitrogen
cooled field coll described earlier. Components have been sized for
20,000 A operation on the basis of brushes capable of carrying an rms
current density of 3,000 A/inzl This 13 consistent with test results
summarized above and described in Section IV.2. A variable speed drive
motor 18 shown and 1. capable of rotating the shaft at switching rates
consistent with pulse repetition from 5 to 100 pps. The drive end of
the unit also consists of hearings for the shaft and a rotating seal
which allows liquid nitrogen to be fed down the center of the shaft for
cooling purposes. [he electrically active portions of the switch are
below the mounting plate and operate in vacuum provided by the vacuum
housing and vacuum seals at the upper and lower end of the assembly.
Coolant for the ronrotating portions of the switch 1s provided by liquid
nitrogen fed through a tube in the mounting plate. Current input to the
switcir and into thne shaft occurs in Section ' which has four filamentary
brushes in continuous contact with the shaft (see Section A-A). For the
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major fraction of the switch on-time, current passes down the shaft,
radially outward through the brush in Section III and ocut through the
output buss. Section B~B illustrates the brush in Section III as well

as the shaft in this region which has a cut-out to interrupt current
flow. As this cut-out interrupts the Section III brush the current is
forced to travel down the shaft, radially out to the conducting housing
in Section V, down the housing, radially into the shaft through the

brush system in Section VII, down the shaft, radially out through the
brush in Section IX to the housing and high resistance buss, and, finally,
up the buss to the output terminal. As the cut-out on the shaft inter-
rupts the current through the brushes in Sections V and IX (at the in-
stant illustrated in Sections B-B and C-C) an arc forms in the arc chan-
nels in these sections and 1is driven around the periphery of the cones

in each section by an externally applied magnetic field parallel to the
axis. A distance for arc travel greater than one meter has been provided
on each cone. There are two arcs in series and, as they travel around
the shaft periphery, each lengthens and also generates a back emf by
interaction with the field.

The peripheral distance moved by the arc is determined by the cur-
rent level, magnitude of the applied field, and arc duration. This
relationship is shown in Figure 48 for an applied field of 2 Wb/m2. An
upper limit on allowable arc time is indicated for the case of 5 pps and
for 100 pps. At 5 pps this is dictated by the design goal of having a
switch on-time of at least 190 msec; at 100 pps the on~time fraction was
chosen as 957 (this is equal to an on-time fraction equivalent to that
at 5 pps or 0.19/0.2 = 0.95). A lower limit on allowable arc time arises
from the need to sustain the arc long enough to allow the shaft to rotate
until the leading edge of the shaft cut~out progresses far enough to pro-
vide adequate voltage hold-off when the arc is extinguished.

For a rotational speed of 300 rpm (= operaticon at 5 pps), Figure 49
shows the voltage hold-off distance for the leading and trailing ecdges of
the shaft cut-out as a function of arc duration. ‘The optimum occurs when
the brush is midway along the cut-out and corresponds to a hold-off dis-
tance of 0.4 cm and an arc duration of 5 msec. In this amount of time,
Figure 48 shows that the arc will travel 0.7 m, :consequently the 1 m
peripheral distance allowed on the "cones" in the design is adequate.

If the same switch design is utllized at a higher repetition rate,
several alterations in operation must be considered. First, the peak
operating current must be reduced so as to maincain the same rms current
density in the system. At 100 pps, fur example, the peak operating cur-
rent would be 1,000 A. Second, the allowable arcing time must be altered
to take account of the higher rotational speed. This is illustrated in
Figure 50 which is analogous to Figure 49 but was calculated for a repeti-
tion rate of 100 pps. Note that the optimum voltage hold-off distance
now correspunds to an arc duratjon of 0.25 msec. The main impact of this
result would be felt in the timing of the arc quench circuit for the
switch which would have to be fired at a time after arc initiation which
was determined by repetition rate. This optimum arc duration is pletted
in Figure 51 as a function of repetiticn race.
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Figure 48. Distance traveled by arc vs. arc Juration and
current level at an applied field of 2 Wb/m2.
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All brushes have been sized at an rms current density of 3,000 A/in2.
Since all of the brushes are not "on'" all of the time, thc required cross=~
sectional area is different for each set. This is best understood by ref-
erence to Figure 52 which is drawn for the case shown in Figure 47. 1In
these diagrams, the rotational position corresponding to a zero angle is
that at which the brush in Section III is fully open (i.e., over the shaft
cut-out) and about to begin conducting current. The top two diagrams
indicate the fully opened and fully closed positions for the brushes in
Sections III, V, and IX. As shown, the brush in Section III leads the
other two and the choice of angles is such that the Section III brush
opens while the other brushes are still closed so as to effect a current
transfer iato the latter. The solid lines in the top two diagrams indicate
the contact area of the brush versus angle. The actual resistance to the
circult is closer to a step function, however, as shown by the dotted line
since the constriction resistance varies exponentially with the restriction

ratio.

The current through the brush in Section III is illustrated in
Figure 52C. It is assumed that a constant voltage source is used with
total circuit current governed by an inductance as in an energy storage
circuit. For the brushes in Section V, VII and IX, the current for the
portion of the cycle ~16° < wt <~326° is held to a low level even though
they are closed and in parallel with the brush in Section III by the use
of a high resistance in that leg of the switch circuit. In the design in
Figure 47, this would be effected by use of brass, stainless steel, or
beryllium copper for the high resistance buss connecting the output of
Section IX with the output of Section ILI. The current in the brushes in
Sections V, VII and IX suddenly increases at wt &326° because the brush
in Section III opens at that point. At wt m 342°, the brushes in Sec-
tions V and 1X open but current continues because an arc forms at that
instant. Arc duration carries the on-time for Sections V, VII or IX to
wt ~ 346° (assumed for this example), The current through the input
brushes (Section I) is shown in Figure 52E and is the sum of the currents
shown in Figures 52C and 52D.

Figure 53 illustrates a cross-section of the shaft with superimposed
brushes to illustrate the following nomenclature:

it

r shaft outer radius

8
r. = radilus of coolant hole in shaft

81 = angle subtended by shaft cut-out or insulator

8, = angle subtended by brush in Section III

64 = angle subtended by brush in Section V and in Section IX

¢ = angle by which Section III brush leads brushes in
Sections V and IX.
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If the peak circuit current is defined as 1I,, then the rms current through
the various brushes for design purposes may be shown to be:

1 [ 8,-0-6,
Section I: Lo © ﬁ T
I 0,=0

i b

Section III: Irms"‘vrg'(' 5 )
8 +=6,

Sections V, VII & IX: I ~ I (————-—)

Tms p 27

The above assumes an arc duration of zero time and the circuit conditions
associated with the diagrams of Figure 52.

The design in Figure 47 was generated by assuming an allowable brush
rms current density of 3,000 A/inz, a shaft radius of one inch, a material
resistivity equal to that of copper at room temperature and an allowable
heat transfer rate to nitrogen cooled surfaces of 5 watt/cmZ. Subtended
angles for brushes and shaft insulation were then chosen for geometrical
and timing consistency and to effect a balance between heat generated and
removed. Utilization of a room temperature resistivity is conservative
but rearonable for design of a prototype to be tested extensively.

3. FILAMENTARY BRUSH TESTS

The previous section described a design for a rotary switch which
utilizes filamentary brushes capable of operating at current densities
substantially in excess of the capabilities of standard types of brushes.
This section will discuss the filamentary brush concenpt and present test
results which i{llustrate current density and voltage drop characteristics.

When two solid surfaces are placed in contact, the real contact
area ls substantially less than the apparent contact area. This 1s shown
in Figure 54 which illustrates a magnified view of two solid surfaces in
contact. If rhe plane surfaces were infinitely hard, they would contact
at only three points. However, because of elastic and plastic deforma-
tion, the number of contact points and thelr area is determined by the
load, surface finish, and stress-strain characteristics of the material.
Complete agreement does not exist on the method for calculating the real
contact area, but it may be estimated by:(7)

AL = F/§
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where:
Ar = real area of contact
F = total load on contacts
Y = average yield pressure of the surface high points

The latter is dependent on the waterial and surface finish. Holm(s) has
shown that ¥ may be estimated by about three times the modulus of elasticity
for the contact material. On this basis, it is instructive to estimate the
ratio of real to apparent contact area for several materials. This is shown
in the following table for a fixed contact pressure of 100 psi.

Table VIII,
Estimated Ratio of Real to Apparent
Contact Area for Plane Contacts

at a Pressure of 100 psi.

Ratio of Real to Apparent

Material Contact Area
copper 6.25 x 10”6
tungsten 2,0 x 1076
gold 8,35 x 1076
silver 9.1 x 1076
carbon or graphite blocks 1.4 x 10‘4

For the metals, the estimated area ratio falls in the range 10'6 to 10~
whereas the carbon or graphite blocks yield a ratio of order 107, 1 The
point to be made in any case is that the real to apparent area ratio is very
small, This limits the current density attainable in the contact because of
the constriction of the current at the contact interface (see Figure 54) as
it passes through the real contact points. In metallic contacts (eg. as used
in the linearly actuated switch) the problem is not as severe since the lower
electrical resistivity relative to carbon or graphite leads to less power
dissipation at a given current density and the higher thermal conductivity
relative to carbon or graphite leads to better heat transfer from the points
of localized high dissipation at the interface.

11t must be noted that the 100 psi. pressure chosen for comparison purposes
is relatively high for carbon or graphite and relatively low for metallic
contacts (eg:- see Figure 13).
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In this section, the primary concern is sliding contacts which will
allow curvent to transfer to and from a rotating mechanism. Graphite and
metal filled graphite brusher are the standard means for performing this
function, however, they are limited in operational current density. Typically,
graphite and copper or silver filled graphite brushes may be expected to
operate with current densities and voltage drops as indicated in Table IX.

Table 1IX .

Typical Current Density & Voltage Drop
for Standard Brushes

Current Dinsity Voltage Drop
Material (A/inf) (4))]
carbon 35 - 45 1.8 - >2.5
graphite 40 - 60 1.0 - 2.5
metal filled graphite 75 - 150 0.3 - 1.8

For short periods of time operation at levels of 300-500 A/in.? has been
carried out, however, it must be remembered that standard brush characteristics
are strongly dependent on the atmosphere in which they operate. In particular,
water vapor 1s essential to maintain the friction, wear and electrical behavior
which is usually expected. Because of the requirements of this program the
initial development of a high current density brush was undertaken.

Since one of the problems in increasing operational current density is
the small ratio of real to apparent contact area which results from a limited
number of contact points, a concept was developed to attempt to overcome this
difficulty. The approach consisted of utilizing a large number of metallic
fibers in contact with a plane surface. Each fiber is a potential contact
point and the number of points per unit area would be limited only by the
ability tc mechanically hold and thermally heat sink the fibers.

A natural candidate for evaluation was available since the supercon-~
ducting wire manufactured by Magnetic Corporation of America is a composite
of continuous Niobium-Titanium filaments distributed in a copper matrix.
Cross-sections of two typical conductors are shown in Figures 55 and 56.
The conductors are available in a large number of sizes with different
numbers of filaments. Removal of the copper and exposure of the NbTi fila-
ments yields a large number density of small diameter parallel fibers which
are in intimate contact with copper on one end, The latter is, of course,
advantageous from a heat transfer standpoint.

89

I e dhtanih A d e it a0 B et it £ inkieob i EXAS S sk i e i D i £ 3 2R i S kb S ST EERg L R TR e R




fé

}

!

H

; Figure 55. Cross section of NbTi-Copper composite, 1.62 mm

: square, 180 strands of NbTi, 1 twist/in. The inner strands
have not been put in because they do not twist. This con-

: ductor is capable of carrying a current of 1050A at 60 kilo~

i gauss (§=4 x 104 A/cm2),

DU ———

Figure 56. Cross section of 1.67 mm x 3.35 mm NbTi composite
containing 2133 strands of NbTi in a copper matrix with 0.5
twists/in. capable of carrying 2200A at 60 kilogouss

(§=5.2 x 10* A/cm?).
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In order to measure the current-voltage characteristics of the brushes,
a rotary test rig was constructed. This is shown in the photograph, Figure
57, &and the drawing, Figure S8. The main shaft of the test apparatus is
rotated with a belt drive from a 3/4 hp DC motor. Current is fed to the
rotating main shaft through a stationary brush assembly. This assembly con-
sists of eight paralleled copper-graphite brushes (SCP Grade 505), each of
which has cross-sectional dimensions of 6.35 cm x 2.18 em (2.5 in. « 0.86 in,).
The current flows down the main shaft, then flows through a flexible coupling
to a portion of the main shaft which is mounted inside an inverted glass tee.
The glass enclosure serves as an environmental control for the equipment.
The brush holder, which also serves as a current collector, is mounted ver-
ticaliy in the upper leg of the inverted tee such that the brush contacts a
brass wheel which is rigidly attached to the main shaft.

Figure 59 1is a photograph of a filamentary NbTi brush (Sample No. 1)
mounted in the brush holder. The brush is made up of 2133 NbT1i filaments
imbedded in a copper matrix. The ratio of copper to niobium titanium is 2:1.
The outer diameter of the copper matrix is 0.759 em (0.299 in.). Each of the
filaments has an outer diameter of 0.0095 ecm (3.73 mil), and an exposed
length of 0.965 em (0.38 in.). As is shown in the photograph, the fillaments
tend to spread out at their unattached end. 1In addition, the majority of the
strands at the free end are located in an annular region, the inner and outer
diameters of which are 0.514 em (0.202 in.,) and 0.824 cm (0.324 in.),
respectively. The outer diameter of the filament bundle at the zttached end
is 0.671 cm (0.264 in.).

The experimental results obtained with Sample No. 1 are typical and
have been very encouraging. The_sample carried 162.5 A, which corresponds
to a current density of 360 A/em® (2320 A/in.2) in the CuNbTi composite. At
this current, the voltage drop across the brush was 0,16 V, and the tempera-
ture of the brush at its attached end was 56°C. There was no observed sparking
at the interface between the brush and the rotor, although there were indica-
tions that brush and/or rotor wear may be severe.

Figures 60, 6l, 62, and A3 are plots of the experimental data
obtained with Sample No. 1. Figure 60 1is a plot of the voltage drop across
the brush as a function of the current through the brush for a constant
rotational speed of 218 rpm., For comparison with the experimental data, the
straight line V/I = 1 mV/A has been included. Tigure &] 1is a plot of the
voltage drop across the brush as a functicn of the rotational speed for
various values of current. As can be seen from this plot, the voltage drop
is insensitive to the rotational speed for the low range of speeds covered.
Figure 62 1is a plot of the maximum thermocouple temperature as a function
of the current {or a constant rotational speed of 218 rpm. For zero current,
the minimum thermocouple temperature is included. The difference between the
minimum and maximum temperature at zero current indicates the temperature
rise resulting from frictional losses only. Figure 63 1is a plot of the
maximum thermocouple temperzture as a function of the brush power (where brush
power is defined as the current times the brush voltage drop) for a constant
rotational speed of 218 rpm. As in Figure 62 the temperature rise due to
the frictional losses has bteen included. The data of Figures 62 and 63
were obtained with the thermocouple mounted on the brush holder close to the
base of the brush strands. Thus, the temperature of the thermocouple is
approximately that of the brush filaments at their attached end. The data

contained in Figures /U through 63 all correspond to steady state cperation.
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Figure 59. Sample No. 1 for the rotary test apparatus. The brush,
shown mounted in its holder, has the following characteristics:

Composition

Ratio, Cu:NbTi

Size (including Cu)
Number of filaments
Filament size

Exposed filament length

94

NbTi filaments in Cu matrix
2:1

0.774 em (0.305 in) dia
2133

0.0097 cm (3.82 mil) dia
0.677 c¢m (0.267 in)
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The brush described above was fabricated from a single composite
conductor. Other configurations included brushes fabricated from several
small composite conductors in parallel. An example is Sample No. 7 which
was fabricated from seven identical conductors, each of which had the follow-
ing characteristics: 0,268 cm (0,105 in.) diameter, 0.294 ecm (0.1156 in.)
average strand length, 2133 filaments, and a 2:1 ratio of copper to super-
conductor. The brush carrisd 186 A whicB correaponds to an overall conductor
current denn%ty of 473 A/gm (3050 A/in.“), and a filament current density
of 1420 A/cm* (9160 A/in.%). Figures 64, 65 and 66 summarize the
experimental results obtained with this sample. Figure g4 18 a plot of the
filamentary brush voltage drop ae a function of the brush current for a
rotational speed of 300 rpm. The straight line indicates a V/1 ratio for the
brush of 0,64 mil, Figure 65 1s a plot of the maximum thermocouple tempera-
ture as a function of the brush current for a rotational speed of 300 rpm.
The difference between room temperature and the zero current temperature
corresponds to the temperature increase due to frictional losses. The thermo-
couple was positioned as close as possible to the base of the brush where the
filaments are attached. Figure 66 1is a plot of the maximum thermocouple
temperature as a function of the filamentary brush power, where the power has
been defined as the product of the brush current and brush voltage drop.

A summacy of the results of the steady state characteristics of the
filamentary brushes is contained in Table X, The samples are listed in
the order in which they were tested, from Sample 1 to Sample 7. Only Sample
No. 1 of the seven samples was not tested to the limit of its current corry-
ing capabilities., Table X 1is organized in the following manner: the first
section gives the pertinent physical characteristics of the samples; the
second gives the electrical characteristics; and the third and final section
gives other parameters associated with the performance of the brushes.

The contents of the first section of Table X require little
explanation. Samples 5, 6 and 7 were all made up of more than one conductor,
as shown in the table. The total conductor area of Sample No. 7 for example,
is soven times the area of a single conductor, rather than the overall area
that the seven conductors occupied. That is, no attempt was made to include
the pa king factor of the conductors in each brush, which permits evaluation
of the samples on a '"per conductor' basis.

The second section of Table X contains the electrical characteristics
of the brush samples in terms of their maximum current carrying capabilities.
For each maximum continuous current there is a corresponding ''run time," as
given in the table. A "4'" after an entry indicates that that particular
sample could have been run longer than the time given. An absence of a "+"
indicates that the time given corresponds to the time required for the fila-
mentary brush voltage drop to increase to 1.5 times (arbitrarily selected)
its original value at the given current level. The conductor and NbTi current
densities conclude this portion of the table. The conductor current densities
of Samples No. 3 and 4 are low because of the large ratio of copper to
superconductor in these conductors.
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Figure 66. Maximum measured thermocouple temperature as a function of
the filamentary brush power for Sample No. 7 at a rotational speed of
300 rpm. The difference between room temperature and the zero power

temperature corresponds to the temperature increase due to frictional

losses.
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Table X .
SUMMARY OF TEST RESULTS:

STEADY STATE CHARACTERISTICS OF FILAMENTARY BRUSHES

-
Sample number % 1 2 3 4 S
et e e aemerrm f ereavries - }-._ .- s eERTETIE SRR
No. conductors in sample 1 1 1 1 3
No. filaments per conductor | 2133 2133 2700 | 2700 | 2133
Ratio, Cu:NbTi 2 2 6 6 2
Conductor size (cm) .759 .759 dx.5) 1x.51 .268
(in) .299 | .299 | .2x.4| .2x.4 | .105
dia dia rect rect dia
Filament size (cm) 0095 .0095| .0059 | .0059 | .0033
(mil) 3.73 | 3.73 | 2.32 | 2.32 |1.315
Filament length (cm) .965 1.40 .812 .33 .352
(in) .38 .55 .32 .13 .139
Total conductor area (em?) | .452 | .452 | .516 | .516 | .1682
(in?) | .070 ! .070 | .080 | .080 | .0261
NbTi area (cm?) .1505( .1505| .0738 | .0738 | .0561
(in2) .0234 1 ,0234 .0314 | .0114 | .0087
FEPE T ARECT— VAP B e e A Al IR A L N NPTy 0
Continuous Ipgx (A) 162.5 ! 175.5| 76. 101.
Run time at Igzx (min) 40+ 15 10.5 | 69+
Conductor jpax (A/cmg) 360 | 389 | 147.2! 196
(A/in®) i 2320 | 2500 | 950 1263
— imax (Afcm®) | 1080 | 1166 | 1032 | 1372
! (A/in?) | 6960 | 7500 | 6650 | 8850
Measured Rp (m2) 1.0 1.8 4.0 1.2
Calculated Rb (m52) 1.0 1.45 4.0 1.62 2.0
Py (1078 @ em) 156 | 156 | 363 | 363 | 319
! i
82 = pojsglzlk (X) 11690 | 4150 | 2550 | 1140 | 733
Conductor QF (10 %am®) |46 [8.38 | 22,7 [6.33 | 3.37
- |
NbT1 QF (10 %m?) | 1.46 2.8 |3.26 | 903 | 112
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6 7

3 7
2133 2133

)

2 2
. 268 . 268
.105 .105
dia dia
.0033 | .0033
1.3151 1.315
.222 .294
.0876 | .1156
.1682 ! .393
.0261 | .0609
.0561 ] .131

.0087 | .0203

1.26 | .712
319 319
328 612
2.29 | 2.51
.763 .838
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The third and final section of Table X contains other parameters
associated with the performance of the filamentary brushes. R}, is the
effective brush resistance, defined as the ratio of the filamentary brush
voltage drop to the current. For low values of the current, the brush

resistance may be calculated as:

Rb = pozlAsc
where:

Py ™ resistivity of the NbTi
L = filament length

Age = cross~sectional area of the NbTi

This formula was used, along with the measured value of the brush resistance,
to "calibrate" the resistivity of the NbTi for the three different conductor
types investigated. The next quantity given in the table, B“, indicates the
difference between the maximum filament temperature and the thermocouple
readings at the attached end of the filaments (See Appendix II). The final
two quantities given in the table are conductor and NbTi quality factors which
are defined as the ratio of the filamentary brush voltage drop to the current
density (at the maximum continuous current level) in the conductor and NbTi,

respectively.

In an attempt to further evaluate the performance of filamentary brushes,
additional data was taken. At various current levels, the time required for
a 50% increase in the filamentary brush voltage drop was determined. This
data is plotted in Figure 67 . The two lowest data points on_this plot (2
and 3) are the same two points that have the highest value of 84, as shown in
Table X. In addition, at this current level, Sample No. 2 glowed yellow
in the central portion of its exposed filaments. This evidence indicates that
these two samples were thermally limited by the ohmic heat generated within
their strands. That is, these samples had filaments that were too long com~
pared to their cross-sectional areas to conduct away their I“R losses. Those
samples that reached a non-thermal limit (Samples No. 4, 5, 6 and 7), however,
have corresponding NbTi current densitics at the maximum current levels
attained, as shown in Table X. The average of the four NbTi current den-
sities is 1400 A/cm? (9030 A/in.z), and all four values lie within *37 of this
average. This evidence indicates that, in order to maintain a stable and low
value of contact potential drop from the moving rotor to the stationary fila-
ments, there is a maximum NbT{ filament current density that may be tolerated,

given by approximately 1400 A/ecm? (9030 A/in.2).

The above tests were performed with brushes in contact with a continuous
rotor. Several tests were also performed on a discontinuous rotor to begin
gathering data on filamentary brush characteristics when switching.
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The rotary test apparatus was modified such that a current could be
switched by removing portions of the test rotor, as shown in the sketch of
Figure 68. This particular configuration was chosen because it presents
the brush with a large gap immediately following contact separation. Symmetry
vas desirable to reduce mechanical balance problems., Results were preliminary
in nature. Without an inductive load in the switch circuit, the filamentary
brushes were used to switch 150 A at a pulse repetition rate of 5 pps. With
an inductive load of 10 mH, the filamentary brushes were used to switch 40 A
at a pulse repetition rate of 5 pps, without the aid of an auxiliary arc
quench circuit. This does not represent a limitation of the brushes, but the
limit of data taken to date.

Looking forward, estimates were made to determine the power supply
required to switch 2,000 A at a repetition rate of 10 pps in an inductive
circuit., The circuit which was considered is shown in Figure 69. The R
represents the load resistor, L the load coil, V the power supply, and Ry the
resistance of the power supply, leads, and closed switch., The purpose of the
capacitor, C, is to limit the rate of voltage rise across the switch after
contact separation. The characteristics of the circuit are basically deter-
mined by the ratio of the coil inductance to the parallel combination of the
two resistors, Rp = R Ry/(R + Ry). Figure 70 shows results for a final
current of 2,000 A using either the field coil or load coil described earlier
in this report. Basically, for Ry very small, the L/R, time constant is long
compared to the charge time, very little voltage is lost across Ry, and the
current through the coil increases linearly with time. For R; very large, the
L/R, time constant is short compared to the charge time, the coil charges
quickly, and the large supply voltage is required to sustain the large drop

across Ri'

Based on the results of Figure 70, it can be seen that for Ry = 20 mfl,
a supply voltage of 60 V is required to achieve 2,000 A through a 0.902 mH
coil in 50 ms. The requirement for 60 V covld easily be met with a set of
batteries consequently a test series at the 2000 A level appears reasonable
as the next step in brush evaluation.
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Figure 68 Sketch of the rotor configuration for current inter-
ruption with the filamentary brushes. The dashed lines represent
the configuration of the rotor betore modification,

Scale: ful size.
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SECTI™N V.

SYSTEM INTEGRATION & FUTURE DEVELOPMENT

From an overall systems standpoint, it is technically logical to
utilize an applied magnetic field and cryogenic cooling in the switching
section of an inductive energy stourage system. <Cryogens will be avail-
able because of their necessity for operation of the energy storage
element and the nagnetic field is available since it represents the means
whereby the inductor stores its energy.

In this s¢ciion a conceptual design for an integrated energy storage
coil, dewar and switching system is presented.

l. SYSTEM INTEGRATION

For the purposes of this section, the switching concept which will
be used will be that of a linearly actuated unit with parallel contacts.
This will illustrate the means by which the magnetic field from the encrgy
storage coil and the crvogens may be utilized. If a single contact lin-
early actuated switch or rotary switch with arc chute(s) is(are) developed

and found more appropriate, the basic concept for integration will he the
same,

In this discussion, the cenergy storage coil will be assumed to be
superconducting. Typically, a one megajoule superconducting solenoid for
pulsed c¢nergy storage would have the following dimensions:

inside diameter: 0.% m
vutside diameter: 0.41 m
length: 0.24 m
peak flux density: 6.0 W/m"

The above dimensions indicate the feasibility of mounting several
specially designed vacuum interrupters within the bore of the energy
storage coil. For the same e¢nergy if the peak flux density were lower,
the coil would be larger. In the final system design, a trade-off would
be performed to determine the optimum configuration. The c¢oil size shown
above, together with the configuration about to be discussed, indicates
the feasibility of this approach.

For purposes of discussing the integrated system concept, the par-
allel contact vacuum interrupter configuration was chosen. The final
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deaign may use a rotary switch in a similar fashion., The integrated sys-
tem is illustrated in Figure 71 which shows three pair of contacts mounted
80 as to utilize the field produced by the energy storage coill. The latter
is superconducting and immersed in liquid helium. The switch and dewar
gshare a common vacuum which is cryo-pumped by the molecular sieve material
borided to the helium container as shown.

The dewar is liquld nitvogen shielded. In addition, the liquid
nitrogen is used to heat sink the shield for the molecular sieve and to
heat sink the arc vapor condensation shield. A separate liquid nitrogen
coutainer is used to heat sink the stationary contacts. The movable con-
tacts are cooled by passing cryogen boiloff through a heat exchanger sur-
rounding the leads. The main features of the Integrated system are:

(1) a common vacuum for switch and dewar

{2) shaped contacts to utilize the magnetic field
from the energy storage coil

(3) cryovacuum pumping to remove all contaminants
including the noble gases

(4) switch losses reduced by reduced temperature
operation

(5) switch losses absorbed by cryogen and cryogen
boiloff

Several development problems remain in the design and construction of
an integrated system, however, the concept appears feasihle. Characteris~
tics of subsystems would be intermarried for mutual benefit.

2. FUTURE DEVELOPMENT
a. Filamentary Brush

The large number of applications for a high current density brush
system, combined with the preliminary test results obtained in the program
form an argument for future development in this area which is overbearing.
In the brush tests conducted in this program, current densities in the
range of 2000-3000 A/in2 were attained with filamentary brush voltage drops
which are substantially lower than those obtained with conventional brushes
operating at their limit of about 150 A/in2. Potentlal applications lie in
high performance rotating machinery and other devices using sliding contacts
such as a rotary switch. Development has barely begun and the need is
obvious for extensive fundamental testing to determine the limits of per-
formance in terms of current density, voltage drop, materials, wear, fric-
tion and life.

111

b e Loy e g et e g T I ——




“MOLECULAR SIEVE" TO
LNg HEAT SINK FOR CRYO -VACUUM PUMP ALL
STATIONARY CONTACTS [\ CONTAMINANTS

|

W

§

*; =I-—. ..- .- - -

o A .

= :;L_ .

H - 2 -

. - -

45, - - - . b

@ — = -

s bt o2

5 o o b4y

z . - -

& e - - =

3 - - -

N -— -

;' - - r:ﬂ

. - - l::::T - -
I -
- (54 & Moyh e ¢ -—
== a - = = =
- o -
< o iy
- =) -
ke v ol N - o == -
- - el
s -
= -
- - -
1 - - - - -
- -
— -
-~ -
- it
TSl O fem e aaaa -
=7 -
—— -
el =
el =
h =
= - o
- - aul
- - -
.- -
- a'ae
- n] - ~uf
= “om
- en -
- -
. pufuiel
- - e
- —
-~ -
=% -
b - -
e —
—— -
- = ::?
- - =" R
-— e - -
- e - - -
- — -
- -
- -_——
- - —

~

1!
rl::!‘l'

LK) PULE N SR WL Y
i 'R [ ¥
eegaegt e o » b
[PEINTES BRI A4 RERTRERE I

!r|l:l!||
PRIl

R EN

| ot 3

COMMON VACUUM ENERGY STORAGE

coiL

HEAT EXCHANGER
FOR uovasi/ LN, COOLED ARC
CONTACTS 1 t I VAPOR CONDENSATION

SHIELD

TO ACTUATION
MECHANISM
Figure 71 . Conceptual sketch of an integrated energy storage
coil, linearly actuated switch, and dewar.

112
FA-.ATe




o T T ATTRIE TR TR T TN e AT

b. Rotary Switch

The concept of a rotary device to perform a switching function is
particularly promising for future applications because of the potential
for achieving high repetition rates. Preliminary results with tilamentary
brushes indicate that operational current densities may be achieved which
will allow compact, lightweight devices to be built,

c. Linearly Actuated Switch

Preliminary estimates indicate that improved performance may be
obtained in a linearly actuated vacuum interrupter utilizing cryogenic
cooling and an applied magnetic field. Furtherumore, operational losses
may be substantially reduced if the arc Interruption process may be per-
formed on multiple low current arcs in parallel as opposed to a single
high current arc (e.g., 2 20,000 A). A program could be launched using
equipment which, for the most part, presently exists. The program would
allow the basic effects of cryogenic cooling and applied magnetic field
to be evaluated and progress through tests of a single contact unit to
the design construction and test of a parallel contact system.
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APPENDIX I.
APPLIED MAGNETIC FIELD EFFECTS
Effects which arise due to the interaction of an arc with an applied
magnetic field are governed by the Lorentz force:

F=JxB

where: body force per unit volume

current density

ol ] )
[ |

magnetic flux density

Without loss of generality, the applied field may be projected into
components parallel and perpendicular to the arc current and the effect of
each considered separately,

The component of applied field which is parallel to the arc yields
no effect? if the arc is stationary since the "cross" product in the above
relationship is zero. If the arc moves in a direction perpendicular to its
axis, however, this moving charge constitutes a current which does interract
with the axial component of applied field. As shown in Figure 72, the
force which results tends to move the arc column in a direction perpendic-
ular to the original motion and to the axial field. This effect arises
when the entire arc column moves perpendicular to its axis or when a portion
of the arc column moves radially. The latter corresponds to an expanding
or coutracting column and the net effect of the interaction of an expanding
or contracting arc column with an applied field component parallel to the
column axis is to initiate rotation.

The component of applied magnetic field which is perpendicular to the
arc colunn interacts directly with the main arc current and causes the arc
to move perpendicular to its axis as shown in Figure73. Figure 74 shows
experimentally determined arc velocities plotted as a function of the
electrodynamic force per unit length, IB. The data were obtained for arcs
in air, but are most likely of the same order for vacuum arcs. As an
example, for a current of 2 x 10%a and an appliez field of 2 W/m2, the
electrodynamic force will be greater than 4 x 10" N/m, hence the velocity
may be expected to be 1400 m/sec.

2This is true in the large scale sense discussed here; the axial field can
effect arc stability (e.g.: see O. Morimiya, et. al, "High current Vacuum
Arcs Stabilized by Axial Magnetic Fields.") (9)
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For further clarification, Figure 75 shows the data of Figure 74
plotted in a somewhat different manner: arc velocity (m/sec) versug
current (kiloamps) for various values of magnetic flux density (W/m“). Also
included is a scale showing the time required ( usec) for the arc to travel
10 cm at the average veloc%ty shown. For a current of 2 x 10"a and a mag-
netic flux density of 2W/m“, the arc velocity of 1400 m/sec allows 10 cm to
be traversed in about 70 usec. The magnetic field chosen for this example
is a lower limit for the design value of field which may appear in the bore
of a solenoidal energy storage system and the indicated speed is also a
lower limit 1f the arc is drawn in vacuum since aerodynamic drag w.ll then
be absent. Consequently, higher speeds and, in turn, shorter travrrsal times
may be expected. It should also be noted that the traversal distance of
10 ¢m was chosen for illustrative purposes only and that shorter distances

may suffice in actual application.

The presence of the transverse field as described above helps to
extinguish the arc in two ways. First, the motion of the arc in the presence
of the field results in a "back emf'" which effectively increasss the arc
resistance, For 2 x 10'a and a magnetic flux density of 2 W/m“, the back
emf is of the order of 30 volts for an arc 1 cm long. The second effect
arises from the tendency of the transverse field to impede the motion of
charged particles parallel to the main axis. The charged particles tend to
rotate about the magnetic field lines (assuming no collisions) with a fre-
quency given by w, = (gB)/m where q is the charge, m is the particle mass
and w, is the so~called cyclotron frequency. From a microscopic standpoint,
this shows up as an increase in the arc resistance when the transverse field
is present and is shown on Figure 76. As indicated, a transverse field of
2 W/m“ may be expected to yield a factor of two increase in ar- resiscance.
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Figure 76. Effect of a transvers¢ magnetic field
on arce resistance.
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APPENDIX IY.

THERMAL ANALYSIS OF A BRUSH FILAMENT

In order to gain insight into the fundamerncal thermal characteristics
of the filamentary brushes, a simplified model was initially chosen for
analysis. A single current carrying filament of length % was considered,
having a constant resistivity, and constrained to be at a given temperature
at each end. The ohmic heat generated within the filament was allowed to
escape only by conduction through the filament ends. For the given one
dimensional steady state configuration, the governing thermal equation is
as fcllows:

a?r/ax® + p3%/k = 0 ()
where:
T = filament temperature
X = distance from filament end
p = filament resistivity
j = filament current density
k = iilament thermal conductivity

The above equation may be integrated directly to yield the temperature
distribution along the filament, Appropriate boundary conditions (filement
end temperatures) may be utilized to evaluate the two integration constants,
For the symmetric case of equal end temperatures (T = T at x = 0 and x = ¢),
the temperature distribution along the filament is given by the follonwing:

T=T = (67/2) (x/2) (1 - x/) (2)
where:

B2 = o3t (3)

From Equation (2), the location and magnitude of the maximum temperature,
Tmax’ may be found to be given by:

2
'rmx-'ro+e/s at x = £/2 )

Thus, for this simple case, the maximum filament temperature is directly
proportional to the filament resistivity, the square of the filament current
density, and the sqaure of the filament lengtl, and inversely proportional
to the filament thermal conductivity.
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A case very similar to the one discussed above was also analyzed.
The same model was used, but with unequal filament end temperatures. That

is, the following boundary conditicns were chosen: T = T, at x = O and
T =T, + AT at x = &, For this case, the temperature distribution along

the filament ia given by:
T T+ (62/2) (x/1) (- x/1) + (x/2)8T (3)

From the above, it may be determined that the magnitude and location
of the maximum temperature are given by:

T =T + (82/8) 1+ 2AT/B2)2
mex (o]

at x = (L/2) (1 + 2AT/82) (6)

Fquations (5) and (6) should be compared with Equations (2) and (4),
from which it may be seen that the two cases become identical for 20T/82 << 1,

To carry the analysis a step further, the filament resistivity was
allowed to be a function of the local filament temperature; that is, the
resistivity was defined ac follows:

bt

i p=p, [ +a(T- To)] &)

y

@ where p, is the value of the resistivity at a temperature T = T,, and a is

% the temperature coefficient of resistance. Inserting the above into Equation g
A (1) leads to the following expression for the temperature distribution: ;
3 d?r/ax? + a’r + b2 = 0 (8) |
k |
% where: |
; 2 2

i a? = *nha j
¥ 2 }
¢ and b = (8229 (1 - ar))

where 82 has been slightly redefined by replacing the o in Equaticn (3) by
fo. Using Laplace Transform techniques leads to the following sclution: In

the "s" domain,

T(s) = (sT, + T, - b2/s) / (82 + a%) (9)

where T, is defined as the value of T at x = 0, and T; is defined as the value
of dT/dx at x = 0.

3
»
3
3
3
:
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Inverting Equation (9) leads to the following solution in real gpace:

T(x) = T, + (T;/a) sin {ax) - (1 ~ cos (ax)) / a (10)

Choosing the boundary conditions allows T' to be evaluated. As was stated
above, T = T, at x = 0, as may be seen from Equation (10). Chonsing the ,
symmetric case of T = T, at x = ¢ leads to the following expression for To:

T; = (a/a) [1 ~ cos(al)’ (11)

gin(al)

Inserting this into Equation (10) yields the following explicit solution for
the steady state temperature distribution of a filament which has a tempera-
ture dependent resistivity:

T(x) = To + [Aaizﬁ%fé%&ll sin{ax) - (1 - cos(ax)) / a (12)

Using trigonometric identities, it may be shown that the maximum temperature
occurs at a position midway between the filament ends, as would be expected
from the symmetry of the problem. That is T = T at x = /2, Substituting
this into Equation (12) and simplifying leads tomgge following expression for
the maximum filament temperature:

1
Toax * To * (1) [mrarey = 1] (13)

A comparison of Equations (4) and (13) is useful., It can be shown
that, in the limit of small a, Equation (13) reduces to the following:

2 2 2.4
Tmax To + (B7/8) (L + 5aB"/48 + 61 a“B /5760 + ...) (14)

Therefore, for a = 0, the two expressions are identical, which would be
expected from the form of Equation (7).

Using the fact that at = BV§: it may be seen that the maximum filament
temperature as given by Equation (13) is only a function of a, B, and T,.
Further, the maximum filament temperature rise above the the temperature,
T?ax - To» is dependent only upon o and 8. A plot of Tpayx - To as a function
o ez for various values of a is given in Figure 77. A useful comparison
of Equations (4) and (13) may be obtained by normalizing the maximum temper-
ature rise given in Equation (13) to 62/8. This has been done in Figure 78
in which the normalized maximum temperature has been plotted as a function of
g2 for various values of a. As shown in the figure, the normalized maximum
temperature approvaches one as a approaches zero., In addition, as can be seen
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from Equation (13), the maximum temperature becomes infinite for values of
at = v = g/a, Thus for a given a, there is a maximum value of B for which
the temperature remains finite. Typical values of a for the brushes now
under investigation run from approximately 0.0035 to 0.001 K-l for reference
temperatures from 300 to 700 K.

The effects of a nonzerc a on the shape of the temperature distribution
along the filament is also of interest. Figure 79 is a plot of the tempera-
ture distribution for a fixed B and various values of a, as given in Equation
(12), Because of the symmetry of the distribution about the filament center,
only half was plotted. As can be seen from Equation (2), for a = 0, the dis-
tribution is parabolic. For o small, the deviation from a parabolic shape is
not obvious, ag shown in Figure 79. 1In order to accentuate the effects of a
nonzero o on the distribution, Figure 80 was generated, in which a = 0 and
o = 0,01 were chosen with a fixed 8, and the distributions normalized to their
respective maxima. For values of a between 0 and 0.01, the normalized distri-
bution would lie between the two curves shown. Hence, the effects of a nonzero
a on the filament temperature distribution are small.

For completeness, the results for the following case will also be
included: Unequal filament end temperatures and a temperature dependent
resistivity. That is, T = at x = 0, T=T_ <+ AT at x = &, and p ~ p(T)
as given by Equation (7). Tﬁe solution for tﬁis case proceeds as in the
previous case, The temperature distribution is given by:

T(x) = T, + [AT + (1/a) (1 - cos(al)] :i:(::) - (1 - cos(ax)) / a
(15)
The maximum temperature i3 given by:
L .
Tmax - To + (1/a) [m - IJ (16)
where: i
x = (1/a) arctan [tan(al/Z) + aAT/sin(aQﬂ an f

gives the location of the maximum temperature. For AT = 0, it can be seen :
that Equations (15) and (16) reduce identically to Equations (12) and (13),
since Equation (17) reduces to x = £/2, In addition, it may be shown that, §
in the limit of small a, Equations (15), (16), and (17) reduce identically
to Equations (5) and (6).
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